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I. INTRODUCTION

As the speed of aircraft increases toward sonic
velocity and further into the supersonic regime accurate
information about local details in the surface configuration
of the aircraft assume great importance. In the subsonié
range of velocity, the effect of surface discontinuities such
as protuberances, steps, and notches is not as prominent as
in the supersonic regime. In passing through the transonic
flow regime however, the drag coefficient for surface dis-
continuities can change by an order of magnitude. A better
understanding of 1ift and drag force contributions by such
disturbances as well as knowledge of the detailed flow
mechanisms which determine aerodynamic stress distributions
and heat transfer characteristics near such disturbances is
necessary.

Traditionally flow separation at surface discontinu-
ities has been considered a disadvantage in flight vehicles.
However, separation can often be used to advantage for modify-
ing aerodynamic 1ift and drag forces (spoilers and re-entry
vehicles), amplifying thrust forces and influencing aero-
dynamic heating phenomena.

Many types of fluid handling devices such as com-
pressors, jet engines, and gas turbines have local flow

velocities in the region of sonic flow. As the design of
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these machines becomes more refined it also becomes neces-
sary to have éccurate information about the effects created
by the presence of surface discontinuities.

Former design techniques used approximate empirical
coefficients for the drag increase due to surface discon-
tinuities. Some of these empirical drag coefficients are
presented in Reference 22 and are discussed later. 1In many
instances one had to rely on such data for approximate values
of the drag coefficient even though the anticipated condi-
tions were at best only close to the conditions under which
the published drag coefficients were obtained. For many
subsonic flows the differences in the flow characteristics
and notch or protuberance geometries were unimportant while
in transonic and supersonic flows they can become decisive
factors.

Of special interest then are such surface configura-
tions where not only the exact geometry of the walls but the
details of the approaching and adjacent flow fields assume
a major role in determining the solution to the probliem. In
contrast to the rather well defined boundary conditions
(walls) for attached flows the occurrence of separation often
allows major adjustments in the flow geometry as a conse-
quence of small changes in flow conditions. Where flow
separation is a prominent feature and where the dynamics of
the flow field are the results of interactions between hydro-

static and viscous stresses associated with attached and free
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shear layers, understanding has remained incomplete in
spite of proposed flow models and their utilization in
analytical approaches. Examples of such theoretical models
include those proposed by Crocco and Lees (Reference 13),
Lees and Reeves (Reference 32), Chapman (Reference 8)

and Korst (Reference 27).

From among the many geometries of interest the
v-notch configuration has been selected for the present
study for both practical and conceptuaily attractive
reasons. The choice was practical because it has a bear-
ing on the drag penalties of uncovered secondary flow
intakes for ejector nozzles and it was conceptually
attractive because it promised insight into the mechanisms
of self adjusting flow geometries especially in the region
of the transonic drag rise. The problem which was anal-
yzed here was that of the increase in the drag force due
to the presence of a v-shaped notch in a flat surface.
Diagram 1 illustrates the wall geometry and flow configura-
tion. The wall geometry was two-dimensional and remained
restricted to symmetrical notches; the approaching boundary
layer was always turbulent and the external fiow was adia-
batic and compressible and was either transonic or super-=
sonic in nature.

For any given notch geometry (notch length L, notch

1

angle )= tan = 2vr/L), the free stream Mach number Mg
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is to be considered the primary variable, but a full
specification of viscous effects is also necessary. The
latter requires the identification of a reference Reynolds
number associated with the free stream and based on a
suitable reference length, e.g., the virtual or apparent
turbulent length x, and it also requires detailed informa-
tion concerning the approaching boundary layer. The ap-
proaching boundary layer is specified by a reference thick-
ness and a shape parameter. For the present investigation
the approaching boundary layer was always turbulent and
reasonably well representative of fully developed shear
layers along adiabatic flat plates (thus defining the shape
parameter H = §%/6). Consequently, one could then rely on
the momentum thickness 6, as a single specifying parameter
for the approaching boundary layer. These quantities are

indicated in Diagram 1.
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Diagram 1. Notch Geometry and Flow Variables
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While it is desirable to develop an analysis cap-
able of dealing with all the significant variables of the
problem in both qualitative and quantitative aspects, the
complexity of the flow phenomena indicated that an experi-
mental investigation was needed to gain a better understand-
ing of the detailed components and the mechanisms of their
interactions. Recently, progress has been made in the anal-
ysis of laminar flows of similar nature, e.g., Lees and
Reeves (Reference 32) and Holden (Reference 53). However,
the present status of incomplete understanding of the shear
layer-shock wave interactions, shear layer expansions, flow
separation, free shear layer development in close proximity
to walls, reattachment and attached shear layer redevelop-
ment in the turbulent regime makes an entirely analytical
approach unfeasible.

The experimental program, which was a major portion
of this investigation, consisted of designing, constructing
and operating a balance which measured directly the drag
force of the v-notch. The balance was designed with enough
versatility so that various two-dimensional configurations
could be installed and their drag forces measured. These
results are presented in the following sections.

As indicated above the major objective in this in-
vestigation was the determination of the drag of a v-shaped

notch; however, several other aspects and effects were
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analyzed which were related to the notch flow problem. One
was the effect of Mach number on the drag force near Mach
number equal to unity. The data which were obtained indi-
cated a displacement and a smoothing out of the theoretical
maximum value of the drag coefficient near Mach number equal
to one. Another effect that was investigated was that of
the drag force in the region of a redeveloping boundary
layer on a flat plate. This type of flow region existed
immediately behind the notch. Tests were conducted to
determine how far the influence of the notch was felt down-
stream of the notch.

In a broader sense, the investigation appears to be
useful as it yields knowledge of the variation of the drag
force from a region of attached flow to a region of separated
flow. Or, it gives the drag variation from the skin friction
on a flat surface to drag in a mixing region over a deep
cutout.

The conditions under which the experiments were con-
ducted did not give rise to non-steady phenomena. In par-
ticular, resonant conditions which are often observed for
flows past relatively deep cavities (Reference 30) were not

evident during this investigation.



II. LITERATURE REVIEW

An investigation of the relevant journals and reports
revealed that no directly applicable theoretical analysis
of the stated problem was available, especially in the tur-
bulent regime, and also that no information on experimental
drag coefficients for the specified flow conditions existed.
However, some pertinent analyses have been made which furnish
useful direction for dealing with the stated problem. The
presentation of this relevant material will be made in three
parts, rectangular notch drag, definition of interactions
between component flow regimes, and surface skin friction
as related to both the notch flow problem itself and experi-
ments intended to establish the accuracy of a force balance

designed for this investigation.

A. Rectangular Notch Drag

Roshko (Reference 40) presented experimental results
dealing with flow in a rectangular cavity with subsonic flow
passing over the cavity. Roshko's results indicated that
there was a pronounced effect on the flow field as the depth
to width ratio was changed. This effect was demonstrated
in his work with a plot of the pressure coefficient for the
cavity floor as a function of the depth to width ratio. A

schematic representation of this data is shown in Diagram 2.
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Diagram 2. Cavity Pressure Coefficient (Reference 40)

Hoerner (Reference 22) also presented results for
drag coefficients of rectangular cutouts in subsonic flow.
Two general types of cavities were considered; the deep
notch where the external stream did not reattach to the
bottom of the cavity floor and the shallow notch where the
external stream did reattach to the bottom of the cavity
floor. Diagrams 3 and 4 show the results of those tests.

These two diagrams depict the general trends for
drag-coefficients of notches. In Diagram 3 at h/e equal to
approximately 0.8 the drag coefficient was a maximum and
the external stream was attached to the bottom of the notch.
As h/e was decreased the flow remained attached to the center

portion of the bottom of the notch and the drag coefficient
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Diagram 3. Groove Drag Coefficients (Reference 22)
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Diagram 4. Groove Drag Coefficients (Reference 22)
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decreased with decreasing h/e. As h/e was increased the
external stream became detached from the bottom of the
notch and the drag coefficient decreased and then leveled
off to a constant value. In Diagram 4 as e was increased
the external flow became attached to the bottom of the
cavity and the defined drag coefficient remained constant.
Thomke (Reference 47) has reported experimental data
for supersonic turbulent flow over downstream facing steps
and over rectangular cavities. ©Surface pressure measurements
were made along with boundary layer traverses for a Mach
number range of 2 to 4 and step heights of 0.25, 1.02, and
1.675 inches. For the cavity experiments the cavity length
was varied and the data indicated that the same qualitative
remarks concerned with drastic changes in the flow field
apply for supersonic flow over notches as were stated for
subsonic flow and reported by Hoerner (Reference 22).
Chapman, Kuehn, and Larson (Reference 8) presented
experimental results for separated flows in subsonic and
supersonic streams. The majority of their data were for
the pressure rise near separation points for flow over front
facing steps, at compression corners, on curved surfaces,
and at shock reflections. However, for the present inves-
tigation their results were of qualitative value even though
the flow configurations were different in as much as they

gave information on the reattachment of free shear layers.
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A more pertinent investigation was that by Charwat,
Roos, Dewey, and Hitz (Reference 9). Their presentation
described an investigation of separated regions near cutouts
and ahead of and behind two-dimensional steps for a super-
sonic external stream with an approaching turbulent boundary
layer. The authors found that there was a critical value
for the ratio of the length of the separated free shear layer
to the depth of the cavity beyond which the cavity became two
separated regions. They reported that this critical length
was nearly independent of Mach number and Reynolds number
for turbulent flow. Additional insight into this problem
has been gained through a theoretical study by Golik (Refer-
ence 20) where he showed that for low supersonic Mach numbers
this critical length increased strongly for decreasing
approach Mach number.

Charwat, et al., (Reference 9) calculated the drag
force of a notch in a plate from measurements of the surface
pressures on the notch faces normal to the free stream. The
results of their calculations are shown in Diagrams 5 and 6.

It should be noted in Diagram 5 that the drag co-
efficient decreases with an increasing free stream Mach
number for long notches. Thié result indicates that the
basic nature of the flow over a notch is different for short
notches and long notches. For turbulent flow over a long
notch the stream is partially deflected into the cavity and

Charwat, et al., proposed that the pressure distribution for
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Diagram 5. Notch Drag Coefficients (Reference 9)

this type of deflection could be approximated by the flow
over a double wedge. Using this approximation and linear-
1zed supersonic flow theory the drag coefficient Cy was
found to be proportional to [Sz/Me, where /\ is the deflec-
tion angle of the external stream into the notch. The
deflection angle ZS, for the range of notch lengths and
depths tested here, was approximately proportional to

L/L for the notch. L being the notch length and

critical
Loritical the notch length at which the external stream
Just reattaches to the floor of the notch. The results
shown in Diagram 5 for long notches, where the notch length
was less than the critical length (% =6, 9, 12), are in

approximate qualitative agreement with Charwat's proposal.
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Diagram 6. Notch Drag Coefficients (Reference 9)

Diagram 6 is simply a cross plot of the data pre-
sented in Diagram 5 so as to demonstrate the effect of notch
length on the drag coefficient for a constant free stream
Mach number. These results were useful for estimating the
order of magnitude of the drag force coefficient of v-shaped
notches. Also, in general, the same trends in the variation
of the drag force coefficients were observed for the v-shaped
notches as were reported for rectangular cutouts. It is
also interesting to note at this point that the trend of
the notch drag coefficient curve for a Mach number equal to
2.1 (Diagram 6) is similar to the reported variation of Cq
for subsonic flows shown in Diagram 4.

The above mentioned limited number of investigations

can be considered as representative of the work done in this
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area. A more complete list of references can be found in
an extensive bibliography given by Wuerer and Clayton

(Reference 52).

B. Flow Components

In the following chapter of this investigation a flow
model is devised by combining several types of flow compor
nents into a single flow model for a v-shaped notch. This
flow model is illustrated in Figure 1. The preference for a
flow model composed of rather well defined component flows
(despite their complex interactions) over more generalized
and comprehensive analytical models dealing almost entirely
with integral quantities (References 32 and 53) is obviously
dictated by the need for increased insight into the flow
mechanisms. Investigation of the literature indicated that
many analyses of these various flow components have been made
and examples of these are described in the following para-
graphs. The flow components which were considered are:

1. expansion of the external flow field and
adjacent shear layer around a corner

ii. flow at a compression corner

iii. developing free shear layer.

Anandamurthy and Hammit (Reference 1) investigated
in detail the interaction of expansion waves with a two-
dimensional supersonic boundary layer. They made measure-

ments on expansion angles of 50 to 30° with an approach
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Mach number of 1.88 and an approach turbulent boundary layer
thickness of 0.17 inch with a stagnation pressure of 105
psia. Their results showed that the static pressure which
was exerted by the external flow field on the shear layer
downstream from the corner approached the value predicted by
the inviscid Prandtl-Meyer expansion flow about ten boundary
layer thicknesses downstream from the corner.

White (Reference 50) investigated turbulent boundary
layer separation from smooth-convex surfaces in supersonic
two-dimensional flow and found that the static pressure of
the external stream in expanding around a smooth (4 inch
radius of curvature) corner was almost identical to that pre-
dicted by Prandtl-Meyer flow. He also reported the results
of a theoretical calculation based on a method presented in
Reference 25 for the development of the momentum thickness
of the shear layer as it expanded around a smooth corner.
Reported experimental values agreed very well with his pre-
dicted results.

Chuan (Reference 10) proposed a flow model using the
Crocco~Lees mixing theory (Reference 13) in order to predict
the flow field in the vicinity of a compression corner.
Chuan reported that an important characteristic in the flow
phenomenon was the entrainment of mass from the free stream
into the viscous mixing region near the corner. He deter-
mined experimentally a mixing rate parameter for turbulent

flow at a Reynolds number of 6 x lO5 per inch and a Mach
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number of 2.5k,

Erdos and Pallone (Reference 19) investigated the
problem of viscous flow at a compression corner. They devel-
oped a simple model which used the essential physical features
of the interaction between the external stream and the viscous
shear layer. A solution was developed for the surface pres-
sure distribution and the inviscid flow deflection and also a
correlation formula was developed for determining the location
of the separation and reattachment points.

Another method for analyzing viscous corner flow was
proposed by Bloom and Rubin (Reference 3) in which they used
a boundary layer integral method for compressible symmetric
corner flow. Their method extended the constant density corner
flow solution to the compressible flow case. Their proposed
method was for the laminar boundary layer case but it could
be adapted to turbulent flows.

Drougge (Reference 18) experimentally investigated
separation of a turbulent boundary layer at a concave corner
for a Mach number of 1.8 and 2.75. His main conclusion was
that for a constant Mach number and a fully turbulent bound-
ary layer the value of the ratio of separation length to
boundary layer thickness was independent of Reynolds number.
He also concluded that the pressure coefficient through the
shock wave was the relevant parameter for the prediction of
separation and for the prediction of the length of the

separation distance.



17

Another investigation pertinent to the separation
inside of the v-notch was that by Mager (Reference 3k4).
Mager developed a model which is capable of determining the
separation from a flat surface for a "free-interaction."

By "free-interaction" it is meant that the flow field down-
stream of the separation point is free to adjust to any
direction which results from the shock-boundary layer inter-
action. This method is capable of predicting the pressure
rise due to separation.

For the developing free shear layer in the separated
flow region several methods have been proposed to describe
the mixing region. One of these methods was that proposed
by A. J. Chapman (Reference 7). Chapman proposed a solution
for the.mixing characteristics of an incompressible free jet
which included the effects of the initial shear layer con-
figuration on the mixing region. The concept of a position
parameter, 7? , which was a function of the dimensionless
length Y of the developing shear layer was introduced in
his solution. This method was developed further for the
compressible flow case by Korst, et al. (Reference 26).

The analysis was made for turbulent constant pressure mixing
along a compressible free jet boundary and it also included

the effects of the initial shear layer on the mixing region.
This solution contained the same position parameter WP as

did Chapman's solution. Korst, et al., presented the

asymptotic solution, W€ﬁ>-0, corresponding to a fully
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developed mixing profile along the free jet boundary. Auxil-
iary functions pertaining to the kinematic, dynamic, dis-
sipative, and thermodynamic characteristics of flow fields
having fully established ( QP~>0) similarity profiles were
derived and tabulated values for these functions have been
presented (Reference 28).

Carriére and Sirieix (Reference 6) suggested that for
small values of WP a lateral shift of the fully developed
velocity profiles in the mixing region would be adequate to
account for the effect of the initial shear layer. This con-
cept, called equivalent bleed, was substantiated by Golik
(Reference 20).

A recent analysis in the treatment of compressible
developing free shear layers was made by Lamb (Reference 31).
He analyzed theoretically the development of a two-dimen-
sional free turbulent shear layer from an arbitrary initial
power law velocity profile. The mean flow in the development
region was represented by approximate velocity profiles which
contained the position parameter VP . Lamb obtained a rela-
tionship between WP and the development length Y by apply-
ing the Navier-Stokes equations to the dividing streamline
which separated the primary and secondary flow fields.

Another method of analysis which was investigated
for the developing free shear layer component was that pro-
posed by Steiger and Bloom (Reference 46) in which sets of

similar solutions were derived for two-dimensional
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compressible free shear layers with initial velocity pro-
files that had a small velocity defect in comparison to the
external velocity.

Wuerer and Clayton (Reference 52) presented a recent
review of separated flow phenomena and methods of analyses
in the area of separation and reattachment at high speeds.
Other references were consulted for this analysis of flow
components but they were not found relevant to the present
discussion. Some of these will however be referred to where

appropriate in later discussions.

C. Surface Skin Frietion

The need for measuring drag forces directly was stated
in Chapter I and a drag balance was consequently constructed.
In order to establish the accuracy of the drég balance two
methods of calibration were utilized, static, by weight forces,
and dynamic, by fluid forces measured in the wind tunnel. The
static calibration used an arrangement of pulleys mounted on
instrument bearings and strings with weights to apply static
loads to the balance to represent drag forces. The dynamic
calibration consisted of the measurement of the drag force
on a flat plate mounted in the balance and tested with super-
sonic external flow. These measured drag forces were then
compared with measured forces reported in the literature.
Published experimental values for the skin friction coeffi-

cient on a flat plate were given by Hakkinen (Reference 21),
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Jackson, Czarnecki, and Monta (Reference 23), Peterson
(Reference 39), and Wilson (Reference 51) for compressible
turbulent boundary layers in transonic and supersonic flow.
Schlichting (Reference 42) and Sommer and Short (Reference 4k)
also presented data on ékin friction coefficients and methods
of measurement. The actual skin friction values that were
used for comparison came from References 23 and 39,

In order to compare the skin friction data obtained
with the drag balance to that available in the literature the
boundary layer approaching the flat plate model had to be
clearly defined in the same terms as utilized in the pub-
lished results. The boundary layer characteristics correspond-
ing to the published skin friction coefficients were used to
define the approaching shear layer. The characteristics that
were used included the exponent of the power law velocity
profile, the momentum thickness, and the boundary layer shape

parameter.
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III. PROBLEM ANALYSIS

A flow model has been devised which is made up of
the different flow components discussed in Chapter II. The
concept of the model was derived from experimental observa-
tions of the flow over v-shaped notches, and the components
were so chosen that simple interactions between them could

be treated.

A, Basic Flow Model

A preliminary experimental study of the flow over
v-shaped notches was conducted in the supersonic and
transonic flow regimes. This investigation consisted of
taking Schlieren photographs for various notch configﬁrations
along with measuring static pressure distributions in the
notch. A representative sample of these Schlieren photo-
graphs is shown in Figures 2, 3, 4, and 5. Using these
photographs and the static pressure measurements the gene-
ral flow picture can be defined as shown in Figure 1, which
depicts a v-shaped notch with an angle JSb= 10°. While the
flow configuration depicted in Figure 1 was typical in a
qualitative sense for a wide range of notch geometries and
flow conditions, certain systematic changes can be pointed
out which result from changes in the notch geometry and ex-
ternal flow conditions. The four basic variables in this

problem are free stream Mach number, notch angle, Reynolds
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number, and the ratio of the approach boundary layer momentum
thickness to the notch length. The effect on the flow model
resulting from a change in these variables will now be sys-
tematically discussed.

Schlieren photographs of flow over a v-notch for con-
stant approaching external free stream Mach numbers are shown
in Figures 2 and 4. Figure 2 contains a series of photographs
of flow at a Mach nuhber of two over a two inch long v-shaped
notch with different notch angles. Figure 4 contains
Schlieren photographs of flow at a Mach number of 1.1k over
two- inch long notches with each photograph showing a differ-
ent angle v-notch. As the notch angle db was increased from
the value depicted in Figure 1 of 10°, while the value of 6/L
and Rey remained approximately constant, the separation point
S moved upstream and the reattachment point R moved down-
stream. As the notch angle was decreased the opposite effect
was observed, the separation point moved downstream and the
reattachment point moved upstream. For the approaching flow
conditions used in this investigation the separation point S
was almost at the leading edge of the notch when the notch
angle was greater than 160, however, the separation point
never did move completely down to the vertex of the notch,
even when the notch angle was reduced to 70.

The effect of a systematic change in the Mach number,
particularly in the transonic regime with 8/L, Rey, and notch

angle constant is depicted in Figures 3 and 5. These Schlieren
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photographs clearly indicate that the separation point shifts
as the Mach number is changed. The separation point was
nearest the leading edge of the notch near a Mach number
equal to one while for larger or smaller Mach numbers the
separation point moved further downstream. The development
of the shock wave and expansion wave structure for a v-notch
is clearly visible in Figure 5 for an increase through M = 1
while the effect of a change in notch angle on the shock
wave-expansion structure is shown in Figure L.

The effect on the flow configuration when 6/L was

changed while maintaining a constant Mach number, Re and

X
notch angle was not noticeable for the relatively small range
of values of ©/L. Schlieren photographs were taken of the
flow structure over four inch long notches at a Mach number
of two and the flow structures were identical to those shown
in Figure 2 even though 9/L was smaller by a factor of one-
half. The expected change in the flow structure as 6/L is
decreased would be that the separation region decreases in
length so that the inviscid flow configuration would be ap-
proached, at least for small angles. However, if 6/L is
increased the flow configuration would change more drastic-
ally. The anticipated type of change would be such that as
©/L is increased the shock-expansion structure would become

weaker and the relatively thick boundary layer would bury the

notch in a low velocity flow field. For very high values of
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8/L the external stream would not be strongly affected by

the notch and the shear layer component would only exhibit

a slight thickening.

The basic flow model shown in Figure 1 depicts

various flow components which were discussed in Chapter II.

The relationship of these components to the over-all flow

model and to each other is pointed out in the following para-

graphs.
i,

ii.

iii.

iv.

Between sections (1) and (2) the boundary layer and
external flow field expand around the initial corner
of the notch. Analyses of this flow component were
presented by Anandamurthy and Hammit (Reference 1)
and by White (Reference 50) who utilized a streamtube
expansion concept and a simplified differential equa-
tion for shear profile integrals.

Between sections (2) and (3) the expanded shear layer
develops along the surface and this can be analyzed
using boundary layer integral techniques.

From section (3) to section (4) the shear layer
separates from the surface while the external flow
changes direction, causing the separation shock.
Analysis of this component might be accomplished by
methods proposed in References 8, 13 and 34,

The region between sections (4) and (5) consists of

a developing free shear layer. Several methods of

analysis were discussed in Chapter II but the one
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chosen as best suited for this investigation was the
one proposed by Lamb (Reference 31). The other
methods discussed in Chapter II (References 46, 27,

6 and 20) were found not applicable for reasons par-
ticular to the individual methods. There is some
concern as to whether Lamb's method will be adequate
for this component since the free shear layer is in
such close proximity to the wall. Lamb's method is
based on the assumption of a quiescent wake, hence
neglects effects of wall interference.

Between sections (5) and (6) the flow reattaches to
the surface while the external flow changes direction
resulting in a reattachment shock. Several analyses
of this component have been made and a critical dis-
cussion of these methods is presented by White (Refer-
ence 50).

From section (6) to section (7) the reattached shear
layer begins to redevelop along the surface and bound-
ary layer integral methods can be used to analyze the
flow mechanism.

The reattached shear layer and external flow field
expand around the final corner of the notch between
sections (7) and (8). This region is similar to that
described in i), except that the approach shear layer

is in the process of redevelopment after reattachment.
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viii. Downstream of section (8) the shear layer undergoes

further redevelopment along the flat surface.

The often unsatisfactory status of knowledge concern-
ing the isolated flow components will be compounded by the
complexity introduced through their internal interactions.

On the other side, the delineation of the over-all model into
components identifies such regions where the usual boundary
layer assumptions are rezsonably well satisfied [from section
(2) to section (3); from section (6) to section (7); and after
section (8)] and others which require special attention

[such as section (1) to section (2)3; section (3) to section
(4); section (5) to section (6); and section (7) to section
(8)]. Alternate methods of solving flow problems involving
separation and reattachment based entirely on boundary layer
concepts [Lees and Reeves (Reference 32); Holden (Reference
53):]can be subjected to criticism arising from the question-
able validity of the basic boundary layer assumptions near

separation and reattachment points.

B. Basic Flow Interactions

In Part A above the basic flow model was defined and
the various components of the model, (i) through (viii), were
discussed. From the general remarks made there it 1s apparent
that an exact analytical solution to the over-all problem of

viscous flow over a v-shaped notch is not available at the
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present time. If the problem were simply to consider the
separate components (i) through (viii) above and apply these
results to solve analytically for the entire flow field a
solution would be possible. However, in the present problem,
the various components are strongly coupled making an analyt-
ical solution unfeasible.

For the range of flow variables considered in this
investigation and the geometrical configurations used, the
interactions of the various components are the important
factors in determining the flow field. Since these inter-
actions are the notable factors in the description of the
flow field the investigation of flow over a v-notch was
divided into studies of the influence of geometry changes
and flow condition changes on these interactions which in

turn effected the drag force characteristics of the v-notch.

C. Direct Measurement of Drag Forces

The difficulties encountered in trying to formulate
an exact solution to the notch flow problem implied that
direct measurement was the only reliable means of determin-
ing the drag force. Since it can be shown that the drag
determination from flow profile measurements based on
momentum principles cannot be expected to produce accurate
results, a direct measuring force balance was designed and

constructed. The description of this balance is given in
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Chapter IV. When a new instrument, such as this drag force
balance is built, it is necessary to test it for reliability
and accuracy. The model used in testing for accuracy was the
flat plate. There were several reasons for choosing the flat
plate as a test case. First of all, theoretical analyses are
available for predicting the drag forces acting on the plate,
and one analysis is presented below. Second, there were avail-
able experimental data for the drag forces and these were used
as comparisons with the drag forces obtained from the new
balance.

D. Theoretical Analysis for Turbulent Flow over a Finite
Length Flat Plate

The boundary layer analysis used here was based on the
approach used by Truckenbrodt (Reference 48) for incompres-
sible turbulent boundary layer flow with streamwise pressure
gradient as adapted for the compressible flow case by use of
the Culick-Hill transformation presented in Reference 1.

Truckenbrodt found two quadrature formulas for the
characteristic parameters of boundary layer flow, momentum
loss thickness © and the velocity profile form parameter H.
Truckenbrodt's assumptions limited the results to the two-
dimensional flow case. The calculation of the momentum loss
thickness was done by integration of the energy theorem while
the equation for the velocity form parameter was obtained by

coupling the momentum and the energy equations. Truckenbrodt's
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result for the momentum thickness for incompressible flow
was
_N_
Ji I 2 X . N+1
W Ue . 6 3+W I+
6.0)= Yo (e, ) 6,Ue, +A |Ue " dx (1)
L ueL \\}o
X, H
where
A= N;' *(N) (2)

with the empirical values of N and {(N) given in Table 1.

Table 1. Values of N and o{(N) (Reference 14)

(Reg)i N A (N)
100-5000 I 0.0123
500~ 50000 5 0.0085

3000-6 x 107 6 0.0062
10*-107 7 0.0048

By use of equation (2) and algebraic rearrangement of equa-

tion (1) one obtains

" x 3+ &
N#! ‘(3"';%‘) 3+2 N+ '/N N
Ue| [N+ Ny N[ Ye &l)
[G(X) T:I-—(—F—)‘X(N) Ue, jue‘. dx, + 9,:' (Vo);_' (Ue . (3)
i

X
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Culick and Hill transformed equation (3) to the com-
pressible plane by using an analog to the Stewartson-Illing-
worth transformation for laminar flow. It was shown in
Reference 1t that the transformation was valid if the effect
of compressibility on the boundary layer shape parameter H

could be represented by

Het = (H +1) (;) (1)

e

and if the x-coordinate transformation was chosen such that
it was conveniently related to the ratio of skin friction
coefficients in compressible and incompressible flows. These
two conditions were verified for turbulent boundary layers up
to a Mach number of 5. The Culick-Hill transformation can be
specified for a gas with a specific heat ratio of 1.4 by the

following three equations.

Ue, = a, M (%)
Te\?
O, = (7?) 2] (6)

o= |{T) “dx 7



31

Equation (3), transformed to the compressible case

by applying the transformation equations (5), (6), and (7)

yields,
g o) (e o8 L
%(?)]N:(N—Nﬂ)"““)@f) M, ) ?5(1%)4 dx + ["(L)g]m‘)a" (8)
.

Equation (8) was applied%to the special case of predicting
the growth of the momentum thickness on a flat plate in com-
pressible flow where the Mach number and the free stream
temperature were independent of the x-position. This was
done for two positions of x, X; and x,. For x; equation (8)

reduced to

3+3 3(N+1)

el = b @7 ® . W

N+ o -4 3(N¥) N 3ENH)
o] = o (2% (2 nona() + fry] (2eB)" oo

Now, taking the difference between equation (10) and equation

(9) yielded
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N+l N4
o) " — olx) " =M

(s

Equation (11) is an expression for the difference in the

) (x,_ X)) . (11)

momentum thickness along a flat plate in compressible flow
for a finite length, x, - x7. Now, in order to adapt this
equation for the special case which exists in the drag

balance, namely, a small but finite length of flat surface,

O can be conveniently expressed as follows:

AB = OX) — O(X,) (12)

and 9(x2) can be expressed as
ALl
o = [emy+ a6l (13)

The quantity A© can be expressed in a closed solution if the
binomial theorem is used to expand ©(x,) to the power (N + 1)/N
shown in equation (13) , the result of which is given by equa-

tion (14).

Q(XL)M"ﬁ= o(x) 4-(-”——- Q(X) S +( )Q(x,) (Ae) + Rowm (14)

If the remainder term &um is neglected one obtains
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+ ) Nat : TR I-N
006) - B0u) * = (e [e(x.)&Ae + 5’;60«\7(&9)2] (15)

as a second-order approximation for 6(xp) in terms of A®.
Substituting the result from equation (15) into equa-
tion (11) yields

W Nt

) (Z) "(x-x,

; I=N
B(x) 16 + zr 60%) "6 = k(N ( \)M

or rearranging

=Y 2/ 5] N
AB=NoX) |OK) ”Jeoo) 2000 " won(30) (Z) trexy — 1| 6

The momentum equation can now be used to express the
drag force on a flat plate as a function of the momentum
thickness. The control surface is shown in Diagram 7 for com-

pressible flow.

Diagram /. Flat Plate Drag Force
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Applying the momentum equation to the control volume

shown in Diagram 7 for a width b, yielded

¢ $00) $x)
£= jeeu:d/ - j?“zd/ - ue[(ﬁ’e“e‘e“) dy

or rearranging

§(x)
= f(euue— eu?) dy (17)

(o]

D
b

Equation (17) was rearranged to the following form

S(x)
x eu U
> =beu | (1-8)Y

or

D=be.ud 6 (18)

where 0(x) is by definition,
8(x)

o= | o (1- &) dy . (19)

Now, from the above it is seen that the drag on a plate of

length Xy 1is
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D, = b €e U ©(Xz) (20)
and of length Xq is
D, = becutolx) , (21)

The drag force on the plate between x4 and X, is the differ-

ence of the two equations, (21) and (20),

F=D,-D = Q.usbh [0L6)-6m=eu’pre (22
Solving for A from equation (22) gives

_ F
A8 = Ce U2 b

and now defining Ef and using equation (16) yields

C.= F —_2Nex)
£ Le.uUe b(x-x) (X2 - X))

[ -4
A _ A

- \
-k 2/, =N
o)™ \/e(x,) Yr 2 o) "am(* ) (&) () — | (23)

A power law expression for the temperature-viscosity

relation,
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A _ 1)@
Mo >
along with the ideal gas relation and isentropic process for

density change with temperature change,

|
Ce _(E)W
. "\ Te
and the isentropic speed of sound relation with temperature

Qo To

Qe Te

were used to simplify equation (23) to the final result given
in equation (24)

e |
= _ 2Nelxy 2 A(N) T
= (Xe =) I+ Now) (R e,) (Xz X)( “’) - @w

where

_ _Ue 8B ©
Ree—#

! /e

Three distinct drag coefficients related to the shear
stress or drag force on a flat surface may now be distin-
guished. The local friction coefficient, C¢, is defined as
the local shear stress at the surface divided By & ﬂauez.

The total shear stress coefficient, Cpy 1s defined as the



37

total shear force acting on the plate from the beginning of
the plate to the length L, divided by’§~€euesz. The average
drag force coefficient Cp, defined by equations (23) and (24),
is an approximate theoretical representation for the shear
force on the finite length of flat surface divided by

50 us b(x, - xl). This approximate coefficient for a

finite length flat plate was used as a comparison for the

experimental data.

E. Drag Force Analysis for the V-Notch

1. Drag Coefficient for V-Shaped Notches

In Part D several drag coefficients applicable to
uniform flow past a flat surface were defined and discussed.
These included the local skin friction coefficient Cp, the

total shear stress coefficient C_ and the average coefficient

F
Ef all of which use the wetted surface of the plate as a
reference area. The drag coefficient for a notch or groove
is usually defined in one of two ways, depending on the
selection of a reference area. The most common definition
which utilizes an area equal to the length times the width
of the notch, the projected area on the plane surface, will

be used as the definition of the drag coefficient and is

given by equation (25).
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D
= (25)
CaT TeurhL ’

This is also a most convenient definition for the present case
since the flat plate can be considered to be a v-notch with

vanishing angle JSL.

2. Form Drag and Friction Drag

The drag force can be thought of as having two parts,
drag due to shear forces and drag due to normal forces. The
more common names are drag due to friction and pressure drag.
The term pressure drag or form drag, is commonly used for sub-
sonic flow, while the term wave drag is used 1in supersonic
flow. In many gas dynamic problems involving drag forces the
pressure or wave drag may be five to ten times greater than
the friction drag. For typical airfoils in transonic and
supersonic flow the order of magnitude for the friction drag
coefficient is about 0.005 while the total drag coefficient
might be of the order of 0.02 to 0.08.

The form drag or wave drag is determined, within cer-
tain limitations arising from viscous interactions, by the
geometry of the walls. The situation may change considerably
however, when there is a region of separated flow such as
exists in a v-shaped notch. For this case the separation

causes the pressure or wave drag to be strongly modified as



39

a consequence of the actual flow geometry being at variance
with wall boundary conditions. This is borne out by Figure 6
where three different static pressure distributions are
shown:

i. the theoretical wall pressure distribution for a
supersonic flow (in absence of separation) due
to Prandtl-Meyer expansions and a shock located
at the vertex of the v-notch,

ii. the theoretical shock-expansion pressure dis-
tribution consistent with the flow model shown
in Figure 1,
iii. experimental values obtained for the 10° v-shaped

notch.

As noted before the measured pressure distribution differs
greatly from curve i). As a consequence of separation the
pressure increase at the center of the notch is eased by the
interaction between the free stream with shear flow regions.
Consequently, it can be recognized that the form or wave drag
is not directly related to the wall geometry, but rather to
the flow geometry as affected by separation. In comparing
ii) to iii) it is also seen that the viscous layers by them-
selves are of major interest and also introduce an important
modifying element to the theoretical shock-expansion model.
An important parameter which must be considered as

influencing the two components of drag is the boundary layer
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thickness relative to the notch length. For many of the
classical gas dynamic solutions to the drag problem, such as
airfoil drag, the existence of a boundary layer was of only
minor importance. However, in the problem being analyzed here,
the boundary layer presence is an important factor. The
qualitative effect of the boundary layer when it is of sig-
nificant thickness in comparison to the length of the notch

is to reduce the drag force. For boundary layers that are
thick relative to the notch dimension the notch is buried under
the shear layer. The limiting case for this situation would
be when the notch appears only as a surface imperfection for

very thick boundary layers (§/L—> =),

3. Phenomenological Flow Models

The most significant difference between the inviscid
and the actual flow configuration was recognized to be in the
deviation of the streamlines from the geometry introduced by
the solid walls. Consequently, the wave drag is no longer
exclusively determined by the wall geometry, but instead, by
the separating and reattaching free shear layer. Because of
this occurrence an attempt was made to examine the over-all
drag force on the basis of a simplified, phenomenologically
conceived model comprising the wave drag of the actual
(separated) streamline configuration and those shear stresses
contributed by the mixing shear layer. This concept should

be reasonably correct as long as the shear force due to the
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attached boundary layers between sections (2) and (3) and
between sections (6) and (7) in Figure 1 remain small as
compared to the form drag of the wall portions, which will
not be the case for very shallow notches with vanishing
separation regions. Such a model is shown schematically in

Diagram 8.

— /// /
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Diagram 8. Proposed Drag Force Model

It should be noted that the exact locations of either
the separation point or the reattachment point are generally
not known nor can they be determined presently by entirely
analytical methods. However, for the present purpose it can
be assumed that the separation streamline remains practically
parallel to the external flow such that a single geometrical
parameter, namely the penetration depth ratio d/r, fully

describes the flow geometry of the model. Since d/r is
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strongly dependent upon the already established parameters
controlling the problem it will be treated as an undetermined

quantity in the following theoretical analysis.

a) Shock-Expansion Theory

Shock-expansion theory can be utilized and applied to
both supersonic flow past notches (without further restric-
tions) and transonic flow past notches (with the further re-
striction that the Mach numbers encountered within any flow
region of the model exceed unity).

The wave drag of the actual configuration can be
calculated using the Prandtl-Meyer expansion relation (Refer-
ence 43) between sections (1) and (2) and the plane shock
relations (Reference 15) between sections (3) and (4) and
sections (5) and (6). The Prandtl-Meyer function, PM(M,k),

given by equation (26),

PM(M,6)= [ o' [EE OO0 = fa WET (26)
is related to the notch angle by
PM(Mz,k) = PM( M, k) + S (27)

and the pressure change through the expansion is isentropic

and is given by
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R. ( k- 2)""
R 2 -
The assumptions,
Foa = Pop = Po3p
M2 = M3,
P5 = Py,
= (29)
P)_’_ = PS [}
Poy = Pog
and M)_'_ = MS

are made and appear to be reasonable for this analysis. The

plane shock relations are as follows:

e sz S"hz 6 - ’ (30)
— 2 Cot Bpue in Suare 3
Tan & i M:(k + Cos 29w«ve) + 2

2
I + L-—,' Mx S;v’z 6W‘Ve

MYZSinz(eww:(n) = 22 (31)
K MX Sint equa - L;—I
P B Px 2K 2 .
- P Y ( My Sin’ emve - ’> (32)
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where 6 is the wave angle and the subscripts x and y

wave

denote the upstream and downstream sides of the shock wave
respectively.

With the above relationships the pressure at the
various sections can be calculated and utilized in calculat-
ing the wave drag force. The drag force due to the shear
forces in the mixing region is calculated by the method pre-

sented in the following section.

b) Lineasrized Supersonic Theory

For the restrictions that the Mach number is greater
than unity (but not close to unity) and less than ten, linear-
ized supersonic theory can be used to calculate the wave drag
in the model. This calculation is an alternative to the
shock=-expansion method presented in the preceding section.

For the actual configuration shown in Diagram 8 the drag

force due to wave drag is given by (Reference 43)

Divave = 5 @ Ue bL(Wﬁ—w:—)(%) tan(92) | (34)
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The advantage of using linearized theory is that this rela-

tively simple expression (equation 34) is found for the wave

drag rather than the complex system of equations needed in

the shock-expansion method.

The drag force contribution of the separated shear

layer is treated utilizing the method presented by Lamb

(Reference 31). Lamb analyzed theoretically the development

of a two-dimensional free turbulent
arbitrary initial velocity profile,

for the developing free shear layer

shear layer from an

The theoretical model

is shown in Diagram 9.

N

1 J - Streawline

e

L.

Diagram 9. Model for Developing Free Shear Layer

The drag force along the dividing streamline is given

by

DMixin3: b ftd dX

(35)
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Equation (35) can be rearranged to
y
2 2 .
DM'.viv\S: QC ue (,~ CE)J;_ b j\]—d d LIJ (36)
o
where
Y=
d2
and
T
J. = - - (37)
N ﬁ’eue('”Ce) )
Lamb shows that Jj is related to the integral Ijn by
F
d IJ"!P
S v (38)
Jj w«q -

Separating the variables in equation (38) and then integrat-

ing yields

¥
vamj%dw | (39)

nP is called the'position parameter and is equal to L2 /¥
y

where § = -5%-2- J:L/J’F(‘P)dql . The relationship between 'ZP

and { was obtained by Lamb by applying the Navier-Stokes

equations to the dividing streamline. The integral Ijﬂ for
P

-
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the isoenergetic case is

1. = b dn (40)
J)21’ ' - C:'qk

U .
where Q=%7P and 4) @ :4)@2)4’7?) where ¢a is the

initial velocity profile at separation. Substituting from

1

equation (39) into equation (36) yielded

—_ 2z 2
DM"“& _— eeue b (l— Cg) & Id . (Ll'l)
v YP K
Adding Dwave and Dmixing and substituting this quantity into

the expression for the notch drag coefficient |equation (2SH
yields

_d

2r 4' d 2 IJth;. l T ()_1_2)
C,=% =+ (1-ce =

4 L MS- 1 \L T \L Isg
Equation (42) was evaluated for various values of r/L and for
representative values of §, and Co+ The values of Ijﬂ

P

were calculated using the IBM 7094 digital computer operated
by the Department of Computer Sciences at the University of
I1linois. The results of the calculations will be discussed

in Chapter VI.
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c¢) Transonic Drag Force Theory

A simplified model for the analysis of the drag force
of a v-notch can be constructed for the transonic flow regime
(but with Mg greater than unity) if several assumptions are
made. First, it is assumed that the notch angle is small
(less than 10°) so that there is little if any separated flow

near the vertex of the notch. Secondly, it is assumed that

)

H

rag if present) is small
as compared to wave drag. The flow model, which consists of
a two~dimensional symmetrical v-shaped notch with an inviscid

flow approaching the notch, is shown in Diagram 10.

Expansion Plane

< E xpawnsion
R P,
7 7 7 777 7 J?) \\\x\\T\
r\
¥

Diagram 10. Transonic Flow Model

The concept of this flow model is more clearly demon-
strated if the change in the flow field is considered as Mg

is decreased from a supersonic value of approximately two to
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unity. The drag coefficient for the notch shown in Diagram

10 is

_ (P-R)rb
%e Us L b

Cq

which can be rearranged to give the more convenient form

) G E) )

£ e

Cdz

i) Utilization of Shock-Expansion Theory

The gquantities in equation (43) can be easily deter-
mined with the help of tabulated functions. The functions
which relate the Mach numbers and pressures were discussed in
Section E.3.a. The pressure and Mach number after the expan-
sion around the initial corner of §l degrees can be deter-
mined by using the Prandtl-Meyer relation (Reference 43).

The Mach number and pressure after the compression due to
the turning angle of 281 can be found by using the plane
shock relations with the aid of the charts presented in
Reference 15. These calculations have been made for a 7°
v-notch and the results are plotted in Figure 7 for a Mach
number range of 1.33 to 2.0, The drag coefficient is evalu-
ated only down to a Mach number of 1.33 because at this value
for Mg and &% = 70 the shock wave at the vertex of the notch

is about to detach from the corner.
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ii) Mach Freeze Concept for Low Supersonic Approach
Mach Number

For the example considered here (JS2 = 7°) when the
approach Mach number is less than 1.33 the shock wave, which
was assumed to be located at the vertex of the notch, must be
detached from the vertex and located further upstream. This
is exactly the phenomenon which can be observed in the photo-
graphs in Figure 3. In order to facilitate the calculation
of the drag coefficient in the region 1.0« Mg<1.33 for a
seven degree notch, the Mach number freeze concept first pro-
posed by Bryson (Reference 5) is used. The basis of this
éoncept is that for free stream Mach numbers near one the
local Mach number at a fixed location is approximately con-
stant. When this concept is applied to this flow model the
free stream Mach number, as far as the Mach freeze concept is
concerned, is Mj; while the local Mach number is M,. Then,
assuming a constant Mach number M, after the shock wave for
Mg corresponding to 1.33 and My = 1.575, the pressure ratio
P2/Pstago has a constant value. This must mean then, that
the shock wave detaches from the vertex of the notch and
changes the angle which it makes with the flow direction so
as to give a constant value of P2/Pstag. as Mg decreases
from 1.33 to 1.0,

The drag coefficient calculated using the Mach freeze
concept is also plotted in Figure 7 for 1<M, < 1.33. The

merits of this model and its relation to the real flow case
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will be discussed in Chapter VI.

iii) Transonic Similarity Relations

The correlation of drag coefficients in the transonic

flow regime is generally done by utilizing the transonic

similarity parameters, K and 9. .

Y = Me — | (44
Z(K;)M: ({)

+ //
g = Cq <%) ] (45)

(e)™

The similarity parameters ¥ and g} are obtained from the
transonic similarity law (Reference 43). This similarity law
relates the flow patterns for affinely related profiles in
flows of different free stream Mach numbers through the simi-
larity parameter R . The similarity parameter } relates the
drag characteristics for affinely related airfoils. The
general nature of the relationship between the functions is
illustrated in Diagram 11,

The trends shown in Diagram 11 are for wedge shaped
bodies and also for thin airfoil profiles (Reference 43).
The experimental relationship between R and 5} for v-shaped

notches has been determined and the function is similar to
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that shown in Diagram 11. This relationship is discussed in

more detail in Chapter VI.

Diagram 11. The General Transonic Similarity Parameter

Diagram 12 illustrates the general nature of the

pressure drag coefficient in the transonic flow regime for

forebody profiles, aftbody profiles, and the complete profile.

The drag force characteristics of forebodies and aft-
bodies are distinctly different as can be seen in Diagram 12,
where the drag force coefficient reaches a maximum at a free
stream Mach number slightly less than unity for an aftbody,
while the drag force coefficient reaches a maximum value at
a free stream Mach number larger than unity for a forebody.
The combination of the fore- and aft-bodies, which would
represent the configuration of an airfoil profile, still ex-

hibits the peak value of the drag coefficient at a Mach
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Diagram 12. Transonic Pressure Drag Force Character-
istics for Forebody and Aftbody
number less than unity. It must be emphasized however that
these qualitative remarks are for thin profiles not having
major flow adjustments or large separated flow regions and
for cases where the effect of shear layers on the surface is
negligible.

F. Drag Force Due to Boundary Layer Rehabilitation Down-
stream of the V-Notch

Part of the contribution to the drag force of a
v-shaped notch is the increased skin friction on the flat
surface downstream from the notch due to the redeveloping
shear layer. As can be seen in Figures 2, 3, 4, and 5 there
is nearly always a region of separated flow inside of the
notch which causes a distorted (in comparison to the fully
developed turbulent velocity profile) velocity profile at

the end of the notch.
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A prediction of the variation of the drag force in
this region can be based on the concepts of boundary layer
development within shear flow regions (Reference 29) where
this development is related to the shear layer development
inside of the notch.

The drag force on the flat surface in the redevelop-
ment region can also be approximated by assuming that the flow
parates in passing over the notch and then redevelops at the
start of the flat surface behind the notch. The parameter
which can be used to relate the redeveloping drag force after
the notch to the free shear layer development within the notch
is the ratio of the effective approach velocity at the start
of the redevelopment region to the external free stream veloc-
ity. This effective velocity will depend primarily upon the
expansion angle JbL and the length of the separated region
within the notch (along with some modifying factors). By mak-
ing a reasonable estimate of this velocity ratioc the redevelop-
ment drag can be approximated. This method will be discussed

in more detail in Chapter VI.
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IV. EXPERIMENTAL INVESTIGATION

In order to evaluate the effect of notch geometry

sive series of tests was conducted in the supersonic and

transonic flow regimes. All of the tests were conducted in a

blowdown type wind tunnel instrumented with a newly designed

drag force balance.

A. Experimental Objectives

The objectives were chosen to completely specify the

effects of notch geometry, Mach number, Reynolds number, and

shear layer thickness on the drag force.

1)

2)

3)

+)

5)

6)

Schlieren photographs were taken to obtain qualita-
tive information about the flow field.

The o0il film technique was used to locate the point
of separation within the notch.

Static pressure distributions were measured to estab-
lish the importance of the pressure drag term.
Boundary layer traverses were made in the transonic
and supersonic test sections in order to define the
boundary layer.

A drag balance was designed and calibrated to be used
with the blowdown wind tunnel.

Models of various notch lengths and notch angles were

tested in supersonic and transonic flow.
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7) One notch (J2 = 7°, L = 3/8") was tested at various
locations on the flat surface of the model in order
to determine the effect on the downstream drag

coefficient.

B. Blowdown Facilities

The experimental work was carried out in the supersonic
and transonic blowdown wind tunnel operated jointly by the
Department of Mechanical and Industrial Engineering and the
Department of Aeronautical and Astronautical Engineering.

This tunnel is located in Aeronautical Laboratory B at the
University of Illinois, Urbana, Illinois. The blowdown tunnel
was supplied with air from a system of storage tanks with a
total capacity of approximately 2500 cubic feet. The storage
tank system was filled by using a 125 horsepower air compres-
sor pumping up to a maximum pressure of 115 psig. Approxi-
mately one-half of an hour was required to fill the storage
tank system to its capacity at 115 psig.

The supersonic test section had an area of 8 square
inches and allowed observation through glass side windows and
could be operated with stagnation pressures between 13 psig
and approximately 60 psig. The stagnation temperature varied
between 50 F and 90 F depending on the ambient conditions,
stagnation pressure and run-time. The maximum run time for
the supersonic tunnel was approximately four minutes for low

stagnation pressures (less than 25 psig) and one minute for
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the higher stagnation pressures (greater than 35 psig). The
test section Mach number was 1.96 but varied slightly with
the stagnation pressure. At a stagnation pressure of about
30 psia and a stagnation temperature of 50 F the tunnel had a
Reynolds number per foot of 9 x 106.

A transonic test section with rectangular’'cross
section was also used where the side walls consisted of glass
pPlates suitable for optical studies while the top and bottom
walls were slotted. For the purpose of the present investiga-
tion the slotted wall at the bottom was replaced by a solid
wall into which the notch models or the balance carrying the
drag models could be installed. The reduction in the wall
permeability was permissible due to the small effective block-
age effects of the models. The Mach number at the test sec-
tion could be varied from approximately 0.5 to 1.2 by changing
the tunnel stagnation pressure. No direct means of control-
ling the Reynolds number is possible in this range. The
momentum thickness Reynolds number at the beginning of the
test section varied from 7800 to 9500 for the stated Mach
number variation. The maximum running time for the transonic
test section was approximately one and one-half minutes at
the higher Mach numbers (1 — 1.2) and about three minutes

at the lower (less than 0.9) Mach numbers.



C. Design of the Drag Force Balance

At the inception of this investigation there was no

means for directly measuring drag forces on the model in the

tunnel so a drag force balance was designed and constructed.

The basic design characteristics which were necessary

for a force balance for two-dimensional models are listed

below.

i)

ii)

iii)

iv)

v)

vi)

vii)

viii)

Indicate drag or thrust forces from 0.05 1b to 5 1b.
Indicate drag or thrust independent of 1ift and
center of pressure.

Have model deflections less than 0.002 inches.
Capabilities to allow accurate alignment to within
+0.001 inch between the model surface and the edge

of the base of the balance.

Capabilities to measure pressure distributions in the
gap between the model and the balance base.

Seals between the model and the balance base at the
upstream and downstream edges that allowed only a
negligible flow rate of air into and out of the gap
without interfering with the force measurement.

An electrical output signal that was of sufficient
size to be measured and changed enough to give an
accurate and repeatable reading of drag force.

Large enough side gaps to that pressure differentials
did not exist between the balance cavity and the

tunnel static pressure (Blowdown operation).
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ix) ©Symmetrical design so that thermal stresses did not
cause extraneous forces in the same sense as the drag
force (Blowdown transients). |

x) Proper thermal insulation so that temperature changes
at the electrical sensors did not cause extraneous
electrical signals.

xi) Compatibility with the existing blowdown facilities

so that major tunnel modifications were not needed.

In order to meet the design requirements i), ii), iii),
vii), and ix), strain gages were chosen as the sensing elements
for the drag force. Another type of sensing element that might
have been used was the differential transformer. This type of
transformer uses a mechanical deflection to produce a corre-
sponding change in reactance. However, strain gages were
chosen over the differential transformer because of cost and
their electrical characteristics.

Perry and Lissner (Reference 38) state that the best
way to measure drag independent of 1ift and point of location
was by using a platform on legs with strain gages mounted at
the bottom of the legs. This arrangement is shown in Figure
8. When four strain gages were used and connected in the
bridge as shown in Figure 8, the following advantages were
gained:

i) The change in resistance in the output leg of the

bridge was twice that of a single gage.
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1i) The change of resistance due to the weight of the
model and 1ift force was equal in all four strain
gages and thus it did not affect the output signal.

iii) When all four strain gages are exposed to the same
temperature change then the change of resistance
due to a temperature change of the gages does not
affect the output signal.

iv) The moments caused by the non-symmetric application
of the drag force did not affect the output signal
because the resistance changes in the bridge arms

summed to zero.

The next step in the design was to determine if a
large enough strain was produced by the drag forces which were
to be measured while at the same time maintaining a reasonable
length and thickness of the strain beams.

The stress at the outer fiber in a cantilever beam is

Bz
SS I
but,
_ F2 Y%
€E = — 53 (12)

so that
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€ =

The deflection of the end of the cantilever beam is

3

N F U
=t 48
Y SET (48)

or

2
- _ 4F
y - EwW 23 . (L"g)

Equations (47) and (48) relate the properties that
affect the output signal ( AVX € ) and the deflection of the
model, y. Calculations were made using these two equations
to determine what would be the best material and size of beam
for maximum strain (€ ) with minimum deflection (y). The
calculations were made for three different materiasls: alu-
minum, brass, and steel and for a force range of 0.1 1b. to
5 1bs. The length of the beam considered was from 1" to 4"
because of tunnel restrictions and the width of the beam was
varied from 3" to 14". The thickness of the beam ranged from
0.100 to 0.150 inches. The minimum output signal (€ ) was
chosen to be 200 micro inches/inch. This value was chosen
because it gave a full scale deflection on the equipment
available for measurement. For the maximum force with this

strain the deflection was found to be 0.002 inches. From
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these calculations the best beam material and dimensions
were found to be:
i) Aluminum
ii) Length = 2©
iii) Width = 0.5"
iv) Thickness = 0.125".

The next design step was to specify the model clear-
ance. This value was determined by fixing the maximum meas-
urable force. A 5 1lb. force acting on the model gave a
deflection 0.0024 inches. The minimum clearance between the
force balance and model was therefore set at 0.003". With
these design dimensions and a model size of 2" by 4" long
another problem presented itself, namely that of flow between
the model and the base by virtue of the pressure gradient in
this space, and the blow down pressure transient (dp/dt)
inside of the balance.

Calculations were made to estimate how rapidly the
pressure inside the balance changed with respect to the
static pressure change in the tunnel. The reason for concern
about this pressure transient was that the transient existed
on eilther side of the model and that if the clearances between
the model and the indicator were too small, large forces would
exist on the model during start-up. For the calculation of
this pressure transient, the following approximations were

made:
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i) 1ideal gas
i1) reversible adiabatic process in the large volume
iii) 1laminar out-flow between two parallel walls (model
and balance) without seals

iv) experimental data from blowdown tunnel was used.

With the gap clearance stated above and the preceding assump-

tions the pressure transient was

-2
dp  _ A %4 dp (50)
df ~ kRT Vv 3V dx

and substituting yielded

d

©

= 38,000 psi./sec.

Qo

t
With a maximum indicator volume pressure change of about

10- psi there was no problem with transient pressure equi-
librium during tunnel start-up.

With the gap clearance stated above there would be
flow from the test section intc the balance cavity and from
the balance cavity back into the test section. This flow in
general would be into the cavity at the downstream gap and
out of the upstream gap into the test section boundary layer
(see Figure 9). Of course, with expansion waves or shock
waves near the floating element these flow rates might be
reversed., It was virtually impossible to completely eliminate

this flow of air but it was possible to make the flow rate
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very small. Two detrimental effects existed from this cir-
culation around the floating element model. The first, a
rather large pressure drop through the gap existed, causing

a force which acted on the model in the direction of the drag
force, and second, there was the disturbance created in the
boundary layer because of the flow out of and then back into
the boundary layer.

In order to successfully measure drag forces on two-
dimensional models this circulatory flow rate had to be
minimized. The method chosen for doing this was to use laby-
rinth seals on the underside of the model. A schematic dia-
gram of this arrangement is shown in Figure 9. The labyrinth
seals are located near the upper and lower surfaces so as to
cancel the viscous flow forces developed within the labyrinths.
These seals were so located that the pressure force on the
sides of the model in the direction of the drag force was
constant. This was true if the space between the model and
the balance was larger than the gap clearance; however, pro-
vision was made to measure these pressures acting on the model
faces. A series of pressure taps were located in the force
balance across from the model faces where these pressures
acted. There were four pressure taps for each face so that
the pressure gradient could be determined. Theoretical cal-
culations were made (Reference 43) in order to find the flow
rate as a function of the number of seals and the gap clear-

ance.
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The design value for the seal gap clearance was
chosen as 0.002 inches and seven labyrinth seals were used.
This gave a flow rate through the model clearance space of
5x 10'6 lb/sec. The model clearance was chosen as 0.003 inches
so that the calculated velocity within the passage and into
the tunnel test section was 4 feet/sec. These quantities
were small in comparison to the tunnel flow rate of 3 1b/sec.
and the test section velccity of 1600 feet/sec.

The next phase in the design of the drag force bal-
ance was to assemble an electronic system for measuring the
electrical output signal from the strain gage bridge formed
by the four gages located on the beams. The gages used were
Baldwin-Lima-Hamilton type FAP 50-12-12 foil gages. They were
specifically designed for small static strains.

A Baldwin-Lima-Hamilton Type N strain indicator was
used for measuring the output signal from the strain gage
bridge, however, it was discovered that the output of the
bridge circuit in the drag balance was not large enough to
give an accurate reading on the strain indicator. 1In order
to increase the signal coming from the drag balance bridge
a low level pre~amplifier was designed and used with the
Baldwin-Lima-Hamilton strain indicator. The circuit for this
multi-gain pre-amplifier was designed to match the frequency
and voltage level of the strain indicator because the carrier
signal from the strain indicator was preamplified and then

returned to the strain indicator where it was amplified again



6€

and compared to a measuring bridge. This measuring bridge
was sensitive to both voltage and frequency of the signal so
that no large distortion in any of the amplifiers was per=-
missible. This low-level preamplifier had a range of gain
from 5 to 30 in increments of 5 along with a balancing poten-
tiometer which was used for convenience in setting the read-
ing dial on the strain indicator. A schematic diagram of

the electronic system is shown in Figure 10.

D. Calibration and Testing

The drag force balance was extensively tested for
preclseness and accuracy and it was also checked to see that
it met the general design requirements. The model used for
aerodynamic testing was a flat plate 4 inches long and 2.5
inches wide.

The results of the tests were satisfying. For various
Reynolds numbers in the tunnel the minimum reading obtained
was about 10% of the dial capability of 200 units. The dial
position could be read to within +2 units.

The repetitiousness of test results was good for both
the dead weight and the aerodynamic calibration. Virtuslly
no zero shift occurred in the output signal for a force less
than 0.4 1bs, however, at larger loads (greater than 1 pound)
there was some zero shift but it was small, about 10 units

out of 2000, The drag balance was calibrated statically for

both an upstream force and a downstream force, by using a



67

string and weights with a pulley. The pulley was mounted on

a miniature instrument bearing to reduce frictional forces
during calibration and the drag force balance was calibrated
while it was in place in the wind tunnel. A typical calibra-
tilon curve is shown in Figure 11. Many readings were taken to
establish the curve and the data were repeatable to within

+#%. The calibration curve was linear in this force range,

t

&s was expected, and passed through zero. The calibration

constant, from the curve, was
K = 0.131% grams/dial unit.

To verify that the balance measured only drag forces,
a weight was placed on the horizontal flat plate model at
different positions. No change in the output signal was
observed.

To show that the balance reading was independent of
the point of action of the drag force, the peg for connect-
ing the calibrating force was moved to different locations
along the centerline of the plate. The point of application
of the calibrating force made no difference in the output
signal of the balance.

The drag force balance was tested aerodynamicaily by
using a flat plate model. This testing was conducted to
determine three basic characteristics of the indicator:

i) accuracy
ii) plate misalignment effects
ii1) effectiveness of the labyrinth seals.
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Before the accuracy of the balance could be verified
the boundary layer at the beginning of the flat plate had to
be defined. Once the approach boundary layer was defined,
published theoretical or experimental values for drag co-
efficients were found for the corresponding boundary layer

conditions.

1. Classification of the Supersonic Turbulent Boundary
Layer

Velocity traverses were made with a small probe (0.018
inches thick) on the floor of the tunnel at the beginning of
the test section. The probe was attached to a lines: position
indicator (strain gage beam) and its output was recorded on a
recording oscillograph. The pressure inside the probe was
measured with a2 pressure transducer and recorded on the same
oscillograph trace. The recording oscillograph was manufac-
tured by the Consolidated Electrodynamics Corporstion (CEC)
and was of Type 5-116. The pressure transducer was also manu-
factured by CEC and had a range of O to 100 psia. The pressure
transducer and the linear indicator were both energized by a
CEC Type 2-105 A oscillator power supply, and their output
signals were amplified by two CEC Type 113-B carrier ampli-
fiers. Before each test both the linear position indicator
and the pressure transducer were calibrated using a microm-
eter and a Wallace and Tiernan precision pressure gage re-

spectively.
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The results of these trzverses are shown in Table 2.
The characteristics determined from these traverses were;
boundary layer thickness §, displacement thickness & *,
momentum thickness ©, shape parameter H, Reynolds number based
on the virtual length Re,, and Reynolds number based on the

momentum thickness Reg.

Table 2. Supersonic Turbulent Boundary Layer Character-
istics at the Beginning of the Test Section
Po S S* e
. . . . R R
psia. ins. ins. ins. H ex €9

34.0 [0.147 | 0.035 | 0.0104 |3.33 | 8.13 x10° | 8855
39.95 [0.14+7 | 0.0332) 0.0099 | 3.34% | 8.36 x10% | 9966
Lt 6 | 0.146 | 0.0324) 0.0098 | 3.31 [10.6 x10° | 1094k

49.4 |0.14% | 0.031 | 0.00939 | 3.30 [11.5 x 10° | 11685

Figures 13, 1% and 15 show various plots of pitot tube
traverse data. 1In Figure 13 u/u, is plotted against y/s for
four different tunnel stagnation pressures or Reynolds numbers,
Also shown in this figure is the commonly used 1/7 profile.

It was evident that the experimental velocity profiles were
not exactly 1/7 profiles. This fact was not surprising since
tunnel turbulence level and previous boundary layer history
affect the shape of the velocity profile. Several comments
must be made about these data. First of all, Figures 13, 1k,
and 15 indicated that there was probe-wall interference for
y/8 < 0.3 and for y/6 <€ 4, When a probe of the size used

here (0.018") was placed near the wall there were regions of
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separated flow near the tip of the probe and the wall caus-
ing smaller total pressure readings. Also, when the probe
was near the wall there was interference between the wall
and the bow shock that stood in front of the total pressure
probe. As the probe was moved away from the wall this bow
shock stood off from and curved around the front of the probe.
When calculating the velocity from the total pressure reading,
it was assumed that this bow shock was flat and normal to
the probe at the probe centerline. This bow shock-wall inter-
ference caused the measured velocity to be lower than the
actual velocity. This type of probe interference was reported
and verified by Wilson (Reference 51), Brinich and Diaconis
(Reference 4), and 0'Donnel (Reference 36). The error caused
in the momentum thickness by the bow shock wall interference
was estimated to be about -5%. The error in the displacement
thickness measurement was almost twice as great at about +10%.
Using these probable errors and the values for displacement
thickness and momentum thickness from Table 2, H was recal-
culated. The new value of H is very close to 3.1 which is
the approximate accepted value for a Mach number equal to two
as given by Wilson (Reference 51).

Figure 14 indicated a second important feature of the
experimental velocity profiles. This Figure shows u/ug
against y/8 for the experimental points and for the theo-

retical curve of
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|/7
“o_ o.eas(é) (51)

Equation (51) was taken from Reference 36 and it was verified
by Brinich and Diaconis (Reference 5). A second empirical

curve was plotted according to equation (52).

\
—&—e = o.eqs(%)h (52)
It is seen in Figure 14 that the experimental data fits the
curve given by equation (52) for y/6 > L.

Figure 15 is a plot indicating that the outer portion
(y/s 7 0.3) of the compressible turbulent boundary layer did
have 1/7 slope.

The boundary layer growth and development was also
calculated theoretically with the aid of the IBM 7094 Digital
Computer located at the University of Illinois, Urbana, Illi-
nois, using the method given in Reference 25. This method is
an approximate one, and was based on integral forms for the
momentum and energy equations, and on a transformation which
was suggested by Culick and Hill (Reference 14) as the tur-
bulent analog to the Stewartson-Illingworth transformation
for laminar flow.

The computer program used as input the actual tunnel

Mach number distribution, reference gas properties (F,, T,,
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R, /Ao), the empirical compressiisle boundary layer character-~
istics N and A (N) (see Chapter III), and the transition
Reynolds number. The output consisted of the momentum thick-
ness, displacement thickness, and shape parameter. Figure 16
is a comparison of the computer results with the measured
results at the start of the model. The deviation between the
two results varied from about 1% at 30 psia. to 5% at 50 psia.
Table 3 gives a comparison between the measured values and
the calculated values for various stagnation pressures.

Figure 17 is a graphic comparison of the calculated
Rey at the start of the model and the measured Reg at the

same location as a function of stagnation pressure.

Table 3. Comparison of Calculated and Measured Boundary
Layer Quantities at the End of the Splitter Plate
P, psia. * , in. © , in. H
calc. meas. calc. meas. calc. meas.
M
34.0 0.0306 0.035 0.0105 0.0104 2.91 3.33
39.95 0.0299 0.033 0.0103 0.0099 2.90 3.34
L, 6 0.0291 0.0325 {0.0101 0.0098 2.9 3.31
49.k4 0.0286 0.0309 | 0.0099 0.0094% 2.89 3.30

2. Classification of the Transonic Turbulent Boundary

Layer

Similar boundary layer traverses were made for the

transonic flow regime using the same equipment as was used

for the supersonic measurements.

measurements are presented in Table 4.

The results from these
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Table 4. Transonic Boundary lLayer Characteristics
at the Beginning of the Test Section

Mg 9, in. *, in. H Reg
0.606 0.023 0.0331 1.433 7920
0.91 0.0206 0.0346 1.683 9350
1.11 0.0156 0.0287 11.838 8530
1.2% 0.0127 0.0242 1.902 8270

The momentum thicknesses calculated from the velocity
traverses are plotted in Figure 18. These traverses were
made at two locations in the test section so that not only
the absolute value of © was determined but also the gradient
of the momentum thickness in the flow direction was estimated.
The results of the transonic velocity traverses were
similar to those taken for supersonic flow and the velocity
profiles for the two flow regimes were comparable with respect
to shape and thickness. However, an absolute comparison of
all the quantities listed in Tables 2 and 4 is not possible
since the momentum thickness and the density values are not
the same. The momentum_thickness Reynolds number at the
start of the drag balance model was plotted in Figure 19.
Reg reached a maximum value near Mach number equal to one
and then decreased with increasing Mach number. The level
of Reg and the location of the maximum Rey is a character-
istic of each tunnel and cannot be compared in absolute

value to results from other wind tunnels.
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3. Accuracy of Flat Plate Measurements

The accuracy of drag force measurements in supersonic
turbulent flow was difficult to ascertain. By examining
previous results such as those presented in References 21,
23, 42, 44, 39, and 51 it was seen that accurate values of
Ce and Cp were difficult to establish. There are several
reasons for the uncertainty in the values of Cy; and Cp. The
main reason is that for data obtained from wind tunnel tests
there is difficulty in establishing an accurate reference
length to be used in the Reynolds number. In most cases the
reference length used was the distance from a virtual origin
where it was assumed that the turbulent boundary layer began.
In most of the experimental investigations reported boundary
layer trips were used to force the flow into a turbulent
boundary layer. 1In these cases the usual assumption was that
for small boundary layer trips the momentum thickness in the
laminar boundary layer at transition was equal to the momen-
tum thickness in the turbulent boundary layer at transition.
With this assumption a virtual origin for the turbulent
boundary layer was established.

Other factors which influenced the accuracy of Cg
Cp were the level of turbulence in the tunnel and the rate
of heat transfer on the model surface.

Two approximate methods were used for comparing the
results of the drag force balance with published values of

drag. One was to use the drag force found from the drag



75

balance and calculate an average wall shear stress and a

Cf for the entire plate based on this average wall shear
stress. Then, using a Reynolds number based on the length
to the center of the plate, compare Cf with local values at
this Reynolds number.

Some of the data obtained with the flat plate model
mounted in the drag indicator are shown in Figure 20 plotted
as a calculated Cf versus stagnation pressure P,. There are
three other points indicated on this plot that were taken
from References 23 and 39. The three points shown were ob-
tained at tunnel conditions very close to the tunnel condi-
tions of the present experimental data. The conditions that
were matched were Mach number, stagnation pressure, momentum
thickness, Rey, and Rey,. As can be seen the agreement be-
tween the experimental data and the published results was
satisfactory. There was a small displacement of 5% but this
was probably due to the approximations that were made.

A second approximate method of analysis of the data
was made using published values of the integrated coefficient
Cp to find the drag force on a plate this size for the tunnel
conditions used and then compare this drag force with the drag
force obtained experimentally from the drag balance. The
results of this method are shown in Figure 21. The drag
force was linear with respect to the stagnation pressure in
this pressure range. Also shown in this Figure is one point

where the drag force was calculated using an average Cp
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(Reference 39) at almost the same tunnel conditions as ex-
isted when the experimental points were obtained. Again, the
drag force balance results were almost indistinguishable from
those reported in the literature.

Figure 22 is a more accurate comparison of the experi-
mental flat plate results with theory. Equation (24) was used
with N = 5 to calculate Ef at the center of the model, where

ﬁeg is the average Re. for the flat plate. The agreement

9
between the experimental values and the theoretical values
is excellent.

The flat plate model was also tested in the transonic
test section and the experimental drag forces are plotted in
Figure 23. The transonic data was less precise than the
supersonic data but still of good quality.

Considering all of the comparisons presented in
Figures 20, 21, and 22 several conclusions can be made about
the drag force balance. First, the accuracy of the measure-
ments made by the balance is within reasonable limits. Second,
the precision of the balance is within the usual experimental
limits. The exact precision of the measurements was influ-
enced by factors other than the drag force measurement. Such
factors as the throttle control valve on the tunnel and the
transient pressure measurements caused a loss in the pre-

cision of the drag force measurements.
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4. Plate Misalignment Effects

Some tests were run with the drag balance where the
flat plate model was intentionally misaligned with the
balance base. The results of these tests showed that there
was about a 10% deviation from the aligned vslue with approxi-
mately 0.003 inches misalignment. This deviation was somewhat
less than that reported by O'Donnel and Westkaemper (Refer-
‘ence 37) who reported about 16% deviation at 0.003 inches mis-
alignment at a Mach number equal to two. The misalignment
effects reported here however cannot be compsred on an ab-
solute basis to those reported by O'Donnel and Waestkaemper
because of the difference in the order of magnitude of the
forces which were measured, but the qualitative effects were
identical. Table 5 gives the deviations from the aligned
position for several values of misalignment. With the present
model of the drag force balance the misalignment can be kept
to within +0.001 inches so that there was probably about 3%

error in the results due to misalignment.

Table 5. Misalignment Effects (Reference 37)

Mg = 2.0 Reg = 9830
Misalignment (inches) Deviation (% of aligned reading)
+0.001 + 3
-0.001 -~ 3
+0,002 + 8
-0.002 - 8
+0.003 +16
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5. Effectiveness of the Lahyrinth Seals

During the testing of the drag force balance several
of the pressure distributions along the upstream and down-
stream faces were plotted in order to determine if the laby-
rinth seals were effective. These plots disclosed that if
approximately 0.003 inches seal clearance were maintained
then the pressure along the model faces was constant. Tests
were run with and without the seals for the flat plate model
and there was essentially no difference in the indicated
drag force. The seals were intended only to reduce the flow
rate due to a large pressure difference between the upstream
and downstream gaps, but for the models tested in the re-
mainder of the test program there were no large pressure
differences at these two locations. Therefore, the remain-

ing tests were conducted without using the seals.

E. Notch Drag Force Models

A large set of notch configurations and drag force
models were tested. The models were all made of steel so
that they could be surface ground to make all of the model

surfaces smooth. The models used are listed in Table 6.



Table 6. Drag Force Model Dimensions
Distance from
Model Leading
Notch Notch Notch Notch Edge to Notch
Length Angle Depth Shape Leading Edge
(in.) (©) (in.) (in.)
3.5 7 0.215 0.25
3.5 10 0.308 0.25
3.h 13 0.405 s 0.25
2.25 7 0.138 v 1.5
2.25 10 0.198 v 1.5
2.25 13 0.260 V' 1.5
1.0 7 0.061 v 2.75
1.0 10 0.088 N 2.75
1.0 13 0.115 v 2.75
0.625 7 0.038 v 3.31
0.625 10 0.055 v 3.31
0.625 13 0.072 v 3.31
0.375 7 0.023 \s 3.5
0.375 10 0.033 \'s 3.56
0.375 13 0.043 v 3.56
1.0 90 0.75 Rectang. 2.75
2.25 90 0.75 Rectang. 1.50
0.512 -- 0.70 Circular 2.98
0.375 7 0.023 \') 3.25
0.375 7 0.023 s 2.875
0.375 7 0.023 v 2.5
0.375 7 0.023 ' 2.125
0.375 7 0.023 \ 1.5
0.375 7 0.023 v 1.125

79
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V. EXPERIMENTAL RESULTS FOR V-NOTCHES

A. Separation Point Studies

Several methods were used to locate the point of
separation inside the v-shaped notches. Schlieren photo-
graphs were taken of the flow fields in supersonic and
transonic flow for many of the v-shaped notches listed in
Table 6. From these photographs approximate separation loca-
tions were measured and recorded. Typical photographs are
shown in Figures 2, 3, 4, and 5.

For many of the notch shapes models were constructed
with pressure taps (approximately 40) along the bottom of the
notch so that static pressure distributions could be measured
in the notch. A typical notch pressure distribution is shown
in Figure 6 for a two inch,ten degrees notch with a free
stream Mach number of 1.96. The approximate separation and
reattachment points are also indicated in Figure 6.

A third method that was used to locate the point of
separation was the o0il film technique. In this method a thin
film of heavy o0il (steam cylinder oil) was placed along the
separating surface before the test. During the test a thin
line of 01l accumulated at the separation region due to the
reversed flow on the downstream side of the separation point.
The location of this line was then recorded by observing its

position relative to the pressure taps.
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The results from all three methods are shown in
Figure 24 for a two inch long notch. The individusl results
from the different techniques are not differentiated in

Figure 24 but the three methods were sll in close agreement.

B. Supersonic Drag Coefficients

Nearly all of the notches listed in Table 6 were
tested in the supersonic test section. For eazch of the
notches tested two corrections were made to the indicated
drag force. Diagram 13 depicts the forces acting on the

model during the test.

fa—— AX L —
- Fon g \
% R . §
Drag balance Drag
model balance

base

Diagram 13. Drag Force Correction Terms

?u is the average pressure acting on the area Ag

in the upstream model gap and ﬁd is the average pressure

acting on the area Ag in the downstream model gap. The
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first correction term was that of the force, F , acting

ap
on the model due to the pressure difference acting on the two
model faces perpendicular to the free stream. FAP is given

by

Fo= (P - By) Aq

where Ag is the area over which the average pressures act.
The second correction which was made to the indicated drag
force reading accounted for the friction drag acting on the
flat plate portion of the model. This correction term, Fshs

is given by

Foo=% €eUe 2x b T

where Ef is the average drag force coefficient acting on the
surface of length AxX and is given by equation (24).
The net drag force FN of the notch then is given by

Fy Fpalance = Fsh - Fap

where Fpgiance 1S the reading obtained from the drag force
balance during the test.

For each model tested in the supersonic section the
Reynolds number was the only quantity that could be varied.
The results from the supersonic notch tests are given in
Table 7 which is located in the Appendix due to its length.
The results listed in Table 7 are plotted in Figures 25, 26,
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27, and 28 with the notch drag coefficient as the ordinate
and the momentum thickness Reynolds number as the abscissa
with notch length and angle as parameters. The effect of the
shear layer thickness on the drag coefficient is depicted in

Figure 29 and will be discussed in Chapter VI.

C. Transonic Drag Coefficients

Nearly all of the notches listed in Table 6 were
tested in the transonic test section in a manner similar to
that presented in Part B above. However, for the transonic
tests the main variable was the Mach number and there was no
direct control over the Reynolds number. The results from
the transonic tests are given in Table 8, located in the
Appendix. The primary results, drag coefficient as a function
of Mach number, are plotted in Figures 32, 33, and 34 with
notch length and notch angle as parameters. Figure 40 shows
the effects of the shear layer thickness, 8/L, on the drag
coefficient with Mach number as a parameter.

D. Drag Force Test for Determining the Friction Drag of the
Downstream Redevelopment

A series of tests were conducted in the supersonic
test section in order to determine the influence of the notch
on the friction drag force acting on the flat plate portion
downstream from the notch. This effect was determined by

placing the notch at different locations on the model in the
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drag force balance. For each test the same notch geometry

was used but the notch was placed progressively further up-

stream for each test.

- AX L L,—
Esl\ FN FS“.Rd A
——L_\_.,/_:__r_ q —_3
= p—
% o — -c——pd
Drag balance model base
2 -
Fsp, = % € ug AX b Cp
Fap = (Pu - Fa)Ag
Fy = (experimental data)

Diagram 14. Redevelopment Drag Force Correction Terms

Not only were the two corrections F A and Fgp, made

P
to the indicated drag force Fbalance as described in Part B
above, but also the correction term for the drag force created
by the notch was made. This additional correction term FN

is 11lustrated in Diagram 14 and its value was determined from
the results obtained in the supersonic notch tests. The shear

force, Fgppgy On the flat surface of the model after the notch

is given by

- F - Fy ~ F .

Fsnra = Fralance sh N AD

The results from this test are given in Table 9.
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Table 9. Downstream Redevelopment Drag Force Results

Notch Length = 0.375",

NR=7,

Mg = 1.96,

Reg = 10000.

INotch Position from

Downstream Edge of Drag/Drag of Flat Length of Plate
Model Plate without Notch Length of Notch
(inches)
0.330 2.45 0.91
0.700 1.94 1.86
1.125 0.95 3.0
1.50 0.87 4.0
2.15 0.88 5.73
2.5 0.93 6.67
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VI. DISCUSSION OF RESULTS

The discussion of the experimental results cf this
investigation and the comparisons with existing theoretical
analyses and proposed flow models has been separated into
categories determined by the physical nature of the results.
The primary variables of this investigation, as stated pre-
viously, are Mach number, notch angle, Reynolds number, and
shear layer thickness. However, the experimental results
shown in Figures 29 and 40 indicate that the Reynolds number
effect is of minor importance when compared with the other
variables. For this reason the results of this investiga-
tion are discussed, for any given Mach number, utilizing /L
as the primary variable indicating the shear layer effect
while the momentum thickness Reynolds number will be treated
as a secondary variable.

The results have been classified into four categories;
v-notch drag force coefficients for thin approaching boundary
layers, v-notch drag force coefficients for thick approaching
boundary layers, drag forces of rectangular and circular
notches, and redeveloping shear layer drag downstream from
the notch.

The reason for classification in terms of thick and
thin approaching boundary layers is evident in Figures 29 and
40 where the effect of the shear layer on the notch drag co-

efficient is shown. For the supersonic results shown in



Figure 29 it is clear that the notch angle is a significant
factor in the determination of the drag coefficient for
8/L < 0.02 while for ©/L> 0.02 it is independent of the
notch angle. A similar trend for transonic flow can be ob-
served in Figure 40, however, the value of 6/L where the
drag coefficient becomes independent of notch angle 1s seen
to be a function of Mach number.

For purposes of discussion a thin approaching boundary
layer is one in which ©/L is small enough so that the notch
angle affects the drag coefficient while a thick approaching
boundary layer is one where the notch drag coefficient is
independent of the notch angle. From Figures 29 and 40 esti-
mates of the values of 6/L for thin and thick boundary layers

can be made. For 1.1 < My < 2,

6 =)
(T)thin <L 0.02 <(—L—)thick

while for a subsonic Mach number of 0.6

(%)thin < O°09<(%)thick '

A. Thin Approaching Boundary Layers

For the thin boundary layer regime the boundary layer

thickness was at most equal to the notch length.
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1. Supersonic Results, M, ¥ 2

The effects which are discussed for supersonic ex-
ternal flow with a thin approaching boundary layer are

Reynolds number, notch angle, and shear layer thickness.,

a. Reynolds Number Effect

All of the v-shaped notches tested in the supersonic
(Mg = 1.95) regime with thin approaching boundary layers ex-
hibited an effect on the drag force coefficient for a change
in the Reynolds number. The notch drag coefficients for super-
sonic flow are plotted in Figures 25, 26, and 27 with the
momentum thickness Reynolds number as the abscissa. The drag

coefficients increase with 2n increase in Reynolds number in

- these figures, however, this increase in the drag coefficient

1s not due solely to an increase in Reynolds number. In order
to obtain a Reynolds number variation in the wind tunnel the
stagnation pressure was varied. The change in stagnation
pressure also caused a change in the momentum thickness (see
Figure 16) of the boundary layer so that the effect shown in
Figures 25, 26, and 27 is a combined Reynolds number effect
and shear layer thickness effect. In order to isolate the
Reynolds number effect the data was replotted in Figure 29
for constant values of the Reynolds number at various shear
layer thicknesses. This figure indicates that for a constant
shear layer thickness and notch angle the drag coefficient

increases with increasing Reynolds number for thin approach
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boundary layers. The wind tunrel used in obtaining these
results did not have a large enough range in stagnation pres-
sure to determine precisely the Reynolds number effect, how-
ever, for the range tested (10000 < Ree < 15000) this effect
can be estimated by utilizing the linear approximations shown

in Figure 29,

b. Notch Angle Effect

The change in drag coefficient caused by a change in
the notch angle can be most easily observed in Figure 28. 1In
the range of variables considered here (L = 3,5", 2,25", and 0.375
in. for thin boundary layers) the notch drag coefficient in-
creased with increasing notch angle for a given notch length.
Also shown in Figure 28 are the drag coefficients estimated
by using inviscid linearized supersonic theory for half-diamond-
shaped profiles. Comparison of ﬁhe actual drag coefficients
with the half-diamond-profile drag coefficients illustrates
how the flow separation from the notch walls (Chapter III)
alters the gas dynamic solution (Figure 6) to this drag
problem. | '

| For the 7° half-diamond-profile the linearized super-
sonic theory yields a value of 0.0175 for cq at Mg = 1.95,
The values of notch drag coefficient for 7° notches ranges
from 0.012 to 0.0l indicating that a smail separated region
was present in the 7° v-shaped notch (Figures 2 ard 4a). For

10° half-diamond prcfiles the linearized theory yields a
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value for drag coefficient of 0.0355 while the values of the
notch drag coefficients for 10° notches range from 0,018 to
0.022 indicating a more extensive geometry change for IOO
notches than was present with the 7° notches., For the 13°
half-diamond profiles the linearized theory drag coefficient
was not even close to the measured notch drag coefficients.
This progressive deviation of the drag coefficient from the
linearized theory solution as the notch angle was incresased
demonstrated how the changing flow geometry reduced the drag
coefficient from the theoretical solution based on the wail
geometry.

A comparison of the experimental resuits with the
solution obtained by using the model proposed in Chapter III
Part E.3 for supersonic flow is shown in Figure 31. The soliid
lines in Figure 31 represent solutions of equation (42) using
the proposed model and experimentally determined penetration
depth ratios. The solid points in Figure 31 are the experi-
mental results for the drag coefficient for various notch
lengths and angles. The agreement between the proposed model
solution and the experimental results 1s satisfactory con-
sldering the assumptions which are made in the proposed model.
The characteristic trends of the solution are interesting to
note. For a given notch length the increase of the drag
coefficient for an increase in notch angle above 13° is
negligible because the flow separates close to the leading

edge of the notch making the wave drag contribution small in
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comparison to the shear drag in the developing shear layer
region. The effect of decreasing the notch angle for a given
notch length is also demonstrated in Figure 31. For very thin
boundary layers (8/L = 0.003 or L = 3.5") the theoretical solu-
tion could be extrapolated to a maximum penetration depth
(d/r = 1) indicating that for a long (3.5") notch this would
occur for a 6° notech angle. The results however are incon-
clusive in regard to extrapolation of any of the other notch
length curves. The relation to flat plate friction drag
(St—=0) and to fully separated flow past a rectangular cut-

out (see Figure 30) is shown in Figure 31la..

c. Shear Layer Effect

For thin boundary layers there is an effect on the
drag coefficient as the geometry of the notch is changed.
These effects are depicted in Figure 29. Figure 29 indicates
that for each notch angle as the shear layer thickness was
reduced the drag coefficient approached a constant value.
This is clearly demonstrated for the 70 notch where Cq ap-
proached the linearized theory solution. For the deeper
notches the maximum value for the drag coefficient was not
reached in this experimental investigation however it would

be reached if ©/L were decreased to a sufficiently low value.

2. Transonic Results, Mg = 0.6 to 1.18

For the results obtained from the transonic flow

regime the basic experimental parameters are different than
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they were in the supersonic regime. For these tests there

was no direct control over the Reynolds number so that in

this range of flow variables it was not possible to isolate

the Reynolds number effect. However, this inability to
establish the Reynolds number effect was not critical since

as can be seen in Figure 19, Reg had only a small variation
between 7800 at Mg = 0.6 and 9100 at Mg = 0.9. The three basic
effects considered in the transonic regime for thin boundary

layers are notch angle, shear layer thickness, and Mach number.

a. Notch Angle Effect

For the case of a thin approaching boundary layer an
increase in notch angle resulted in an increase in the drag
coefficient for the range of values of Mach number tested.
This was indicated by the results shown in Figure 35 for a
2.25 inch long notch. The same results can be observed in
Figures 32, 33, and 34 for the 3.5 inch and 1 inch notches
which are long enough to be in the thin boundary layer classi-
fication. For the lower Mach number range (0.6 to 0.8) the
shorter notches (0.625" and 0.375") are also in the thin
approaching boundary layer classification (Figure 40) and
the same effect on the drag coefficient for a change in the
notch angle is noted in Figures 32, 33, and 3k4.

In Chapter III the transonic similarity parameters
y: and ;y were introduced as correlating parameters for drag

force coefficients. The experimental results from this



93

investigation were plotted in terms of the parameters ¥ and
9 in Figures 37, 38, and 39. It can be noted from these
figures that ¥ and éL are reasonable correlating parameters

for thin approaching boundary layers.

b. Shear Layer Effect

For the transonic flow regime the same qualitative
effect of the approaching sheer layer thickress on the notch
drag coefficient was observed, however, the results also
indicated that the value of the momentum boundary layer thick-
ness for which the drag coefficient becomes independent of
the notch angle increases for subsonic Mach numbers. For a
Mach number between 1.1 and 2 some of the v-notch results were
in the thin boundary layer classification (see Figure 40)
while in the subsonic range (0.6—0.8) of the transonic regime
all of the notches tested fell into the thin boundary layer
classification. Again, a maximum value of the drag coeffi-
cient was indicated for a given value of notch angle. It can
be seen in Figure 40 that for Mg = 0.6 and & = 7° the maximum
value of the drag coefficient is about 0.004, while for
= 10° and Mg = 0.6, the maximum value of Cq is about 0.007.
A maximum value of Cy was not obtained in this investigation
for &b = 13°. It can also be seen in Figure 40 that for the
subsonic Mach number range the notch angle effect is stronger
than in the supersonic range. For Mg = 0.6 and /L = 0.006

the drag coefficient for a l3°notch is more than twice that
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of a 7° notch while for My = 1.1 the drag coefficient for a

130 notch was only about 20% greater than that for a 7° notch.

¢. Mach Number Effect

The Mach number effect observed in this investigation
was the most pronounced effect and is illustrated in Figures
32, 33, 34, and 35. The increase in the drag coefficient as
Mg 1s increased from a subsonic value through the transonic
regime is typical, although for most profiles (References 5,
43), a maximum value for Cq occurs for M, slightly less than
one. It is obvious in Figures 32, 33, and 34 that for
v-notches a maximum value in Cy is going to occur for a Mach
number greater than one and that the value of Mg where this
maximum of Cd occurs is going to be dependent on the notch
angle.

A model was proposed in Chapter III which qualita-
tively accounts for this shift in the maximum value of the
drag coefficient near Mach number one. This model used plane
shock theory and Prandtl-Meyer expansion theory to calculate
the drag force coefficient from Me = 2 down to the Mach number
where the shock wave at the vertex of the notch becomes de-
tached from the vertex and moves upstream as the Mach number
is decreased. The Mach number at which the shock detaches
in the v-notch is dependent upon the notch angle and this
relationship 1s shown in Figure 36. The significance of

(Me)detach will be discussed later on. After the shock
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detaches from the vertex the Mach freeze concept proposed by
Bryson (Section E.3.c) has been used to calculate the drag
coefficient. The results from this calculation were shown
in Figure 7 for a 70 notch without separation and this curve
has been replotted in Figure 35 along with the experimental
drag coefficients for a notch length of 2.25"., The qualita~
tive agreement between the theory and experiment is good.,

If the experimental results could be completed in the
Mach number range of 1.2 to 1.9 a maximum Cq would probably
occur at about the same Mach number as the theory estimates.
For the 7O notch this maximum should be at Mg = 1.33 accord-
ing to the flow model theory.

The theory and the experimental results do not agree
quantitatively because in the actual flow case the flow sepa-
rates from the surface causing the effective notch depth to
decrease thus reducing the drag force coefficient. This change
in the location of the separation point in passing through the
transonic regime was shown in Figures 4 and 5 for a 70 notch.
The location of the separastion points for 70, 100, and 13°
notches is shown in Figure 24 as a function of the Mach number.
Using the separation point location at Mg = 1 it 1s seen that
the flow separates about midway down into the notch. This
location of separation would cause the actual drag force co-
efficient to be reduced by about one-half which is the case
shown in Figure 35. However, as the Mach number is increased

the separation point moves farther down into the notch (see
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Figure 24%) making the effective notch depth closer to the
actual depth and causing the measured drag coefficient to be
closer to the theoretical drag coefficient.

In summary then, the notch drag coefficient in the
transonic flow regime can be estimated by using the proposed
flow model (Chapter III, Section E.3.c) and multiplying this
result by the ratio of the penetration depth to the notch
depth obtained from Figure 24. That this concept gives
reasonable results well into the transonic flow regime is
shown by the dashed curve in Figure 35,

The value of the Mach number where the maximum drag
coefficient occurs is estimated in Figure 36. The quantity
(Me)detach i1s the theoretical Mach number in the free stream

when the shock detaches from the vertex of the notch.

B. Thick Approaching Boundary Layers

The definition of this classification was given before
and represents approximately the regime where the approaching

boundary thickness is greater than the notch length.

1. Supersonic Results, Mg = 2

The supersonic results in this category are divided
into the same three effects that were considered for the thin
boundary layers, Reynolds number, notch angle, and shear layer

thickness.



a. Reynolds Number Effect

For the thick boundary layer case (L = 0.375" and
0.625") there was still an incresse in Cq for an incresse in
Reg, however, the change was not as great as for the thin
boundary layer case. The reason that this change is liess is
that the thicker approach boundary layer mollifies the effect
of the notch on the free stream. The thicker layer acts as
a buffer region between the solid boundaries and the free
stream sc that the velocity and pressure changes are not so

great in this region. This effect is shown in Figure 29.

b. Notch Angle Effect

The results of this investigation show that for thick
approach boundary layers the notch angle has very little
effect on the drag coefficient, in fact, the method of classi-
fication used assumes Cd to be independent of the notch angle

in this regime.

¢. Shear Layer Effect

For the thick shear layers, as stated before, the
boundary layer acted as a buffer region between the free
stream and the solid boundaries with the net effect of reduc-
ing the drag coefficient. This reduction is quite obvious
in Figure 28 where, as ©/L was increased, the drag force
coefficient was reduced. Any theoretical estimate of the

drag coefficient in this region would be very difficult



98

because detailed infcrmation atcut the shear layer and its

interaction with the solid wails would be necessary.

2. Transonic Results, Mg = 0.6 to 1.18

The resulits of the transconic flow regime tests for
thick approaching boundary layers are also divided into the

same categories as were the thin boundary layer results.

a. Notch Angle Effect

The thick approaching boundary layer in the transonic
flow regime eliminates the notch angle effect as can be noted
in Figures 32, 33, and 3% for L = 0.37", and 0.625". For
these two lengths and for all of the notch angles tested there
was only a small difference in the drag coefficient at each
Mach number. Similar results were observed in Figures 37, 38,
and 39 where the data were plotted in terms of é} and ¢ . For
the thick boundary layers the transonic similarity parameters
é} and R also correlated the drag force coefficient data

satisfactorily.

b. ©Shear Layer Effect

For the supersonic Mach number range (Mg > 1.1) in
the transonic flow regime the shear layer effects on the drag
coefficient for the thick approaching boundary layers were
identical to those for the thin boundary layers and were dis-

cussed in Section A.2.b of this chapter. For the subsonic
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range of the transonic regime the results for the thick

approach boundary layer category are inconclusive.

C. Mach Number Effect

The Mach number effect for transonic thick approaching
boundary layers was qualitatively the same as for the tran-
sonic thin approaching boundary layers. However, the quantita-
tive effect was less intense for the thicker boundary layers

as expected,

C. Drag Forces of Rectangular and Circular Cavities

Drag coefficients were measured for rectangular
notches and circular cavities and these results are presented
in Figure 30. The drag ccefficients for rectangular notches
were strongly dependent upon the notch length and only slight-
ly dependent upon the Reynolds number. The values of the drag
coefficient measured here do not agree with those given by
Charwat, Roos, Dewey, and Hitz (Reference 9), (Diagram 6)
which can only be partly explained by the fact that §/r for
these results was smaller by a factor of two than & /r for
their results.

A circular cavity was likewise tested in the drag
balance and also a theoretical calculation of the drag force
was made using equation (41). The agreement is shown to be

very good.
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D. Redeveloping Shear Layer Drag Downstream from the Notch

As described in Chapter V tests were conducted to
measure the effect that the v-notch has on the shear layer
drag downstream from the notch. The test procedure and re-
sults were given in Chapter V. Experimental data represent-
ing the ratio of the measured drag force to the drag force
on a flat surface equal to the redevelopment length at the
same tunnel location but without the notch upstream are
plotted in Figure 41. Also shown in Figure 41 is a theo-
retical estimate of the redeveloping shear layer drag assum-
ing that the effective velocity at the start of the redevelop-
ment region is 75% of the free stream velocity. The method
of calculation of this curve and the meaning of effective
velocity was described in Chapter V. The experimental re-
sults exhibit the predicted trend and show reasonsable quanti-
tative agreement. The important conclusion from this series
of tests is that there is a region of high frictional drag
immediately behind the notch as a new boundary layer is
developed within the shear flow layer present near the down-
stream corner of the v-notch, but that this high frictional
drag decays to a fully developed boundary layer value within

about four notch lengths downstream of the notch.
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VII. CONCLUSIONS AND RECOMMENDATIONS

From the analytical and experimental results of this

Investigation the fcllowing conclusiocns may be made about the

arag coefficients for v-shsped notches.

1)

2)

3)

h)

The drag forcs on two-dimensional models can be

accuratzsly detsrmined bty direct force weassurements

using a newly desveloped bslance exploying strain gages.

In particular,; the effect of the notch angie at given
values of Mach number and Reynolds number is shown to
produce a continuous variation from flat plate fric-
tion drag values through combined wave drag and free
Jet mixing contribution tc the shear drsg in fully
separated flow regiocns.

The influences c¢f the major experimental variables,
namely nctch georetry, flow Mach number and viscous
effects (Reynolds number ond boundary layer thickness
ratic) could be established.

A strong effect due tc flow separation from the walls
of v=-shaped notches on the over-a1l fliow configura-
tion and drag forces (form drag and friction drag)
was oObserved.

The effect of the apprcaching boundsry layer can be
discussed in two categories, namely, thin or thick,
depending on the degree to which the notch argile

infiuences the value cf the dreg cocefficienw:



5)

6)

7)

8)

9)

10)
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Reynolds number effects were generally small due to
the large contribution of the free shear layer
phenomena.

Supersonic flow past v-notches with relatively thin
approaching boundary layers can be analyzed on the
basis of a simplified flow model accounting for the
reduction in form drag by introducing information on
the penetration depth ratio.

Drag values obtained for transonic flow show an
anomolous behavior near Mach number of unity in as
much as they reach maximum values at slightly super-
sonic Mach numbers. This was found however, to be
rationally explained by the '"self adjusting" con-
figuration of the separation region.

Theoretical analysis of the drag of shallow v-notches
in the transonic flow regime using empirical informa-
tion on the penetration depth ratio resulted in good
quantitative agreement with measured values.

The transonic parameters é} and )X are reasonable
correlating quantities in the transonic flow regime
for v-shaped notches.

The separation point inside of the v-shaped notch
adjusts itself near Mach number equal to one result-
ing in an effective geometry change which reduces the

expected notch drag coefficient.
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Recommendations for future investigations in this

area include the following:

1)

2)

3)

L)

5)

6)

Conduct drag coefficient investigations in the Mach
number range between one and two, including further
investigation of notch angle effects in this region.
Extend investigation of the effect of the ratio of
the momentum thickness to notch'length to smaller
values.

A more complete investigation of the downstream ef-
fects on the drag coefficient for v~-shaped notches.
Extend the objectives of the present investigation

to non-symmetrical v-shaped notches.

Extend the range of the Reynolds number investigation
by an order of magnitude.

Utilize the drag balance for a large variety of direct
force measurements, such as those related to intakes

with non-zero flow rates.
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LIST OF SYMBOLS

velocity of sound

area or empirical boundary layer coefficient
total clearance area around perimeter of model
width of plate

bending moment

Crocco number,; velocity/maeximum velocity

drag force/ %f;uegbL

wall shear stress/ % ue2 e

drag force/ %Qeue2A

partial drag component in supersonic flow

partial drag component in subsonic and supersonic
flow

vertical distance to separation point

flat plate clearance between plate and base
drag force

drag function

modulus of elasticity

drag force on plate of finite length
leakage flow rate

notch depth

boundary layer shape parasmeter, & */6
integral of a function of ¢ with respect to "
moment of inertia

shear stress function

transcnic similarity parameter
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Re

&}

< < g o 13 o «

<

transonic similarity parameter
ratio of specific heats
calibration constant

plate length or notch length
length of strain besm

Mach number

empirical boundary layer exponent
pressure

pressure

depth of the notch or cavity
specific gas constant

momentum thickness Reynolds number
length Reynoids number

stress at outer fiber

thickness of the strain beam

time

temperature

free stream velocity in x-direction
velocity component in x-direction
volume

voltage

velocity component in y-direction
width of the strain beam
coordinate along the plate or notch surface

coordinate normal to the plate or notch surface
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Subscripts
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deflection of cantilever beam

coordinate in direction of force on a cantilever
beam

empirical boundary layer constant

exponent in viscosity temperature relation,
0.75 for air

boundary layer thickness

boundary layer displacement thickness
boundary layer thickness at separation
strain

position parameter

notch angle

dimensionless x-distance

kinematic viscosity

dynamic viscosity

velocity ratio, u/ug

density

shear stress

boundary layer momentum thickness

difference in boundary layer momentum thickness

free stream condition
first point along a flat plate
seccnd point along a flat plate

stagnation conditions



incompressible fluid
downstream

upstream

notch

dividing streamline
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$1=10° M, =1.96 §, =018"
FLOW —
expansion reattachment

shock ion
separation expansi
shock

notch length L

Figure |. Theoretical Supersonic Flow Model
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(@ Mg=08, L=2" §=10°

(b) M,=09, L=2", £=10°

Figure 3. Transonic Flow Over Notch
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(c) M,=098, L=2", £=10°

(d) M,=109, L=2" & =10°

Figure 3. (concluded.)




(@ M.=114, L=2", Q=7°

(b) Me=114, L=2", £=10°

Figure 4. Transonic Flow Over Notch
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(c)

(d)

Me =114, L=2", Q=13°

Me =114, L=2", S =16°

Figure 4. (concluded)
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@ M, =081, L=2", §=7°

4

(b) M,=0.83, L=2" n=7°

Figure 5. Transonic Flow Over Notch
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(€) M,=099 , L=2",6 fn=7°

@) Mg109, L=2", @=7°

Figure 5. (concluded.)
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INPUT
Y
\V
<—— OUTPUT ——=
BRI CIRCUI
—> flow
_\F7/'_-‘
bending mode|
moment( —F/2
* .
Fl12— weight )bendlng moment

@ﬁ@ O | K2
J77777 777777777 7777777777

Figure 8. Drag Force Measurement Device
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grams
downstream
force
- +
indicator units
upstream
force
) gain=20
slope =01314 gram/unit gage factor =212

Figure 1. Drag Balance Cadlibration
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Figure 15. Supersonic Velocity Traverse Results
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Table 7
Supersonic Notch Drag Results (M, = 1.96)
Notch Notch
length angle Notch C Re 8

(ins.) (*) Shape d e /L
SR SRR
0.01225 7270 0.00358
0.01268 7960 0.00352
0.01285 8830 0.003k43
0.01298 9510 0.00337
3.5 7 v 0.01325 10150 0.00332
0.01338 10880 0.00326
0.01348 11530 0.00318
0.01352 12200 0.00312
0.01350 12830 0.00313
0.01367 13350 0.00298
0.0197 7100 0.00358
0.0201 8020 0.00352
0.020% 8750 0.00343
0.0206 9430 0.00337
3.5 10 V' 0.0209 10280 0.00329
0.0213 10920 0.00326
0.0217 11530 0.00318
0.0219 12300 0.00312
0.0221 12800 0.00303
0.0223 13400 0.00298
0.0206 7170 0.00358
. 0.0212 8750 0.00343
0.0212 9660 0.00337
0.0217 10220 0.00329
3.5 13 v 0.0221 10930 0.00326
“0,0227 11650 0.00318
0.0231 12180 0.00312
0.023k4 12800 0.00303
0.0239 13400 0.00298

0.0127 8070 0.0061

0.0128 8740 0.0060
0.0128 9540 0.00588
0.0127 10480 0.00574
2.25 7 \') 0.0127 11160 0.00565
0.0128 11780 0.00556
0.0129 12700 0.00543
0.0129 13420 0.00534

0.0132 14100 | 0.0052
0.0134 14880 0.00516




Table 7 (continued)
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Notch Notch
length angle Notch R o
(ins.) (©) Shape Cq o /1,
0.0189 7930 0.0061
0.0193 8740 0.0060
0.0193 9620 0.0058
0.0195 10400 0.0057
2.25 10 v 0.0197 11280 0.0056
0.0199 11970 0.0055
0.0201 12620 0.005k%
0.0202 13370 0.005k4
0.0203 14100 0.0052
0.0205 14830 0.0051
0.0165 7980 0.0061
0.0174 8830 0.0060
0.0183 9570 0.0058
0.0190 10320 0.0057
2.25 13 v 0.019% 11180 0.0056
0.0198 11900 0.0055
0.0199 12820 0.0054
0.0201 13500 0.0053
0.0203 14100 0.0052
0.0205 14900 0.0051
0.0138 8600 0.0136
0.0141 9630 0.0135
0.0142 10570 0.0132
0.0143 11500 0.0130
1.0 7 v 0.0147 12600 0.0128
0.01k49 13250 0.0126
0.015 14170 0.0124
0.0158 14980 0.0122
0.0156 15800 0,0119
0.0158 16650 0.0117
0.0156 9600 0.0148
0.0165 10480 0.0145
0.0168 11600 0,0143
0.0176 12300 0.01k1
1.0 10 v 0.0181 13400 0.0138
0.0188 14300 0.0136
0.0191 15100 0.0133
0.0190 15720 0,0131
0.0194 16700 0.0129
0.0152 8770 0.0150
1.0 13 v 0.0169 10800 0.01k44
0.0181 13900 0.0137
0.0186 15800 0.0131




Table 7 (continued)

Notch

Notch
length angle Notch e
(ins.) (g) Shape Ca Ree /L
0.0128 9150 0.0240
0.0134 9730 0.0238
0.0140 10600 0.0235
0.0136 11420 0.0231
0.625 7 \ 0.0146 12600 0.0227
0.0141 13780 0.0223
0.0138 14830 0.0218
0.0143 15800 0.0213
0.0144 8900 0.0220
0.0147 9770 0.0217
0.0147 10680 0.0213
0.625 10 \'f 0.0155 11580 0.0210
0.0151 12580 0.0207
0.0156 13700 0.0203
0.0163 14750 0.0198
0.0160 15900 0.0192
0.0141 10400 0.0260
0.0134 11680 0.0256
0.625 13 V. 0.013k% 12680 0.0252
: 0.0136 13610 0.0248
0.0139 14670 0.0242
0.0146 15780 00,0237
0.0092 10900 0.0394
0.0110 12050 0.0396
0.0110 12820 0.038%
0.375 7 ' 0.0120 13700 0.0376
0.0112 14730 0.0371
0.0112 15120 0.0365
0.0115 16300 0.0357
0.0132 15670 0.0362
0.0133 14820 0.0368
0.375 10 \ 0.0123 13800 0.0376
0.0131 12800 0.0381
0.0126 10860 0.0394
0.0106 16050 0.0357
0.0103 15100 0.0365
0.0103 13800 0.0376
0.375 13 v 0.0092 12960 0.038k4
0.0086 9880 0.0402
0.0081 9150 0.0405

{2



Table 7 {concluded)
Notch Stagnation
length Notch c Pressure
(ins.) shape d (psia)
m
0.0172 29.98
0.0174 34,59
0.0181 39.29
2.25 rectangular 0.0188 43.89
0.0185 49.49
0.0183 52.49
0.0185 57.99
0.017% 32.29
0.00511 29.11
0.00578 .21
0.00594 39.91
1.0 rectangular 0.00625 L5.91
0.00651 51.91
0.00656 57.81
0.00556 36.81
0.00558 32,11
0.0031 29.0
0.00598 39.6
0.512 circular 0.00828 L4, 9
0.00881 50.0
0.00928 59.0
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Tab.e 8

Transonic Noteh Drag Results

Notch Notch ‘
length angle Notch Mach -
(ins.) (*) shape Cq number

0.0202 1.145
0.0167 1.11k
0.0147 1.07
0.0138 1.05
0.0121 1.026
0.0113 1.00%
3.5 7 \' 0.0104% 0.982
0.0062 0.917
0.0049 0.862
0.0050 0.0079
0.0044 0.712
0.0035 0.006
0.0236 1.14
0.0218 1.113
0.0201 1.066
0.019% 1.049
0.0180 1.022
0.0178 0.99
3.5 10 v 0.0164 0.975
0.122 0.911
0.106 0.879
0.0081 0.79
0.0071 0.707
0.0065 0.623
0.024 1.143
0.0216 1.115
0.0203 1.077
0.0205 1.038
0.0196 1.016
0.0193 0.979
3.5 13 \' 0.0183 0.963
0.0165 0.91k
0.0133 0.86k
0.0127 0.782
0.0118 0.643
0.00923 0.578
0.0213 1.146
0.0141 1.082
2.25 7 v 0.0087 0.981
0.0053 0.863
0.0046 0.788




Table 8 (zontinued)

Notch Notch ‘
length angle Notch c Mach
(ins.) (*) shape d number

0.0050 0.704%
0.0051 0.626
0.0129 1.041
2.25 7 \'f 0.0179 1.116
0.0098 0.995
0.0108 1.031
0.01375 1.069
0.0233 1.152
0.0165 1.085
0.0112 0.965
0.0085 0.850
0.0071 0.80
0.0067 0.705
2.25 10 \Y 0.0064 , 0.62
0.017 1.115
0.015 1.066
0.013 1.007
0.0135 1.016
0.0099 0.935
0.0183 1.1k4
0.0164 1.118
0.0153 1.085
0.0161 1.063
0.0159 1.056
2.25 13 v 0.0158 1.016
0.0146 0.985
0.0132 0.924
0.012 0.857
0.0109 0.792
0.0099 0.706
0.0087 0.617
0.0172 1.1k4
0.0128 1.08
1.1 7 v 0.0058 0.979
0.004k4 0.836
0. 00k 0.6k4
0.0191 1.1k4
0.0143 1.10.
1.0 10 \' 0.0058 0.987
0.0051 0.827
0.0037 0.626
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Table 8 (concluded)
Notch Notch
length angle Notch c Mach
(ins.) () shape a number
0.0179 1.13
0.0138 1.09
1.0 13 Vv 0.0098 0.989
0.00613 0.819
0.0055 0.615
0.0157 1.14
0.0125 1.10
0.62 7 \' 0.0035 0.846
0.0029 0.656
0.0143 1.135
0.0115 1.0
0.69 10 1) 0.0051 0.993
0.0048 0.774
0.0033 0.590
0.0155 1.13
0.0115 1.08
0.56 13 v 0.0074 1.008
0.008 0.82k4
0.00k7 0.608
0.014 1.14
0.0055 1.07
0.375 7 1) 0.0032 1.02
0.0025 0.973
0.0016 0.828
0.0019 0.624
0.01k4s 1.13
0.37% 10 v 0.0099 1.09
0.003% 0.568
0.01k4 1.1
0.0119 1.09
0.375 13 v 0.0060 0.824
0.0052 0.599
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